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Solasonine, the main active ingredient of Solanum nigrum L., has been reported to exert extensive antitumor activity. However, the antitumor effects in acute monocytic leukemia and the exact mechanisms involved are unknown. In this study, we investigated the role of solasonine on inhibiting the progression of acute monocytic leukemia. Our findings showed that solasonine inhibited the proliferation of acute monocytic leukemic cell lines (THP-1 and MV4-11) in vitro. Solasonine promoted apoptosis and induced cell cycle arrest in the G2/M phase. Analysis of RNA-seq data suggested that solasonine correlated with increased expression of genes in the AMPK/FOXO3A pathway. Inhibition of AMPK with compound C followed by treatment with solasonine showed that solasonine reduced apoptosis, caused less cell cycle arrest, and inactivated the AMPK/FOXO3A axis in THP-1 and MV4-11 cells. Solasonine also inhibited tumor growth by the activation of the AMPK/FOXO3A axis. In conclusion, solasonine inhibited the progress of acute monocytic leukemia in vitro and in vivo and triggered the apoptosis and cell cycle arrest in the G2/M phase by upregulating the AMPK/FOXO3A pathway.
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Introduction

Acute myeloid leukemia (AML) is a hematopoietic malignancy derived from hematopoietic stem cells with high clinical and biological heterogeneity. Acute monocytic leukemia or AML-M5 is a subtype of AML defined by the French American-British (FAB) classification. Acute monocytic leukemia is characterized by a large number of myeloid derived monoblasts, promonocytes, and monocytes in the bone marrow and peripheral blood. Based on the morphological analysis, acute monocytic leukemia is classified as M5a or M5b, distinguished by the relative proportion of monoblasts and promonocytes (1). Clinically, AML-M5 is manifested by hyperleukocytosis (2), extramedullary infiltration (3), and coagulation abnormalities (4). Cytogenetic changes including gene mutations and chromosomal translocations occur frequently in this disease, such as MLL gene translocations on chromosome 11q23 (5), DNMT3A (6), and NPM1 (7) gene mutations. Considering the poor prognosis and unsatisfactory efficacy of the therapies, it is urgent to explore new therapeutic strategies to treat this disease.

Solanum nigrum L., a traditional Chinese medicine (TCM) herb from the Solanaceae plant family, is distributed all over the world and has been used for its whole grass and fruit. Previous studies indicated that Solanum nigrum L. had various activities such as inhibiting hepatic (8), cervical (9), breast (10), prostate (11), and colorectal cancers (12), the formation of hepatic fibrosis (13) as well as hepatoprotective effects (14). Solasonine is the main active ingredient of Solanum nigrum L., with extensive antitumor activity (15). The antitumor mechanism of solasonine included: inhibition of the growth of tumor cell lines by altering the membrane structure and reducing its fluidity (16), inducing apoptosis of tumor cells and inhibition of tumor cell transcription (17). However, the effects of solasonine on acute monocytic leukemic cells have not been extensively studied.

The family of FOX transcription factors were first identified in 1989 because they shared a common conserved DNA binding site. The FOX family has 19 subfamilies, from FOXA to FOXS. FOXO3A is a part of the FOXO subfamily. FOXO3A plays an important role in the response to cellular oxidative stress, energy metabolism regulation, cell cycle regulation, apoptosis, and autophagy (18). Post-translational modifications, including phosphorylation, ubiquitination, and acetylation are regulated FOXO3A, which in turn regulates the intracellular localization and the expressions of downstream target genes (19). AMPK also regulates energy metabolism by controlling biochemical reactions of glucose and lipid metabolism. The tumor suppressor kinase LKB1 activates the downstream AMPK, and then regulates energy metabolism and control of cell growth (20). The activated AMPK can induce FOXO3A nuclear accumulation and in turn biological functions included autophagy, cell cycle arrest, and cell death (21). In breast and hepatocellular cancer, AMPK-activated FOXO3A induced cell cycle arrest and apoptosis (22, 23). Therefore, it is necessary to further identify the exact role played by the AMPK/FOXO3A axis in acute monocytic leukemia. In the present study, we aimed to investigate the role of solasonine on inhibiting the progression of acute monocytic leukemia and the underlying mechanism.



Materials and Methods


Cell Culture and Compounds

The human leukemic cell lines THP-1, MV4-11, NB-4, HL-60, HEL, Raji, and Jurkat were purchased from the ATCC (ATCC, USA). All cell lines were cultured in Roswell Park Memorial Institute 1640 (RPMI 1640) (Gibco, USA) or Iscoves Modified Dulbecco’s Medium (IMDM) (HyClone, USA) supplemented with 10% fetal bovine serum (Evergreen Company, China), 100 U/ml ampicillin, and 100 g/ml streptomycin (Life Technologies) at 37°C in a 5% CO2 incubator. Solasonine (HPLC≥ 98%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China) and Ara-C was obtained from MedChemExpress LLC (Shanghai, China), both were dissolved in dimethyl-sulfoxide (DMSO) to obtain a 100 mmol/L stock solution and stored at −20°C and then diluted in working concentrations before use. Compound C was purchased from AbMole (USA) and dissolved in PBS to 10 mmol/L.



CCK‐8 Assay

The CCK-8 assay was used to evaluate the proliferation and cytotoxic activity of solasonine in THP-1, MV4-11, NB-4, HL-60, HEL, Raji, and Jurkat cell lines. In brief, 5×104/well cells were seeded in 96-well plates with 100 μl of their respective media and treated with 100 μl of different concentrations of solasonine, and then cultured for 24 or 48 h. CCK-8 solution (10 μl) was then added to each well and the cells were incubated during the last 4 h. There were six replicates for each concentration and the experiment was repeated three times. The optical density (OD450) absorption was measured using an automatic microplate reader (BioTek Instruments, VT, United States). The cell inhibition rate was calculated as =1– (absorbance of test sample/absorbance of control sample) × 100%.



Flow Cytometry Analysis

Flow cytometry analysis was used to detect the cell apoptosis and cell cycle in THP-1 and MV4-11 cell lines. In brief, 1×105 cells/well suspended in a 2 ml volume of culture media in 24-well plates and treated with different doses of solasonine, 2 μM compound C, and 8 μM solasonine+2 μM compound C for 24 h. Subsequently, the cells were collected, washed with 1 ml ice cold-PBS, and incubated with 500 μl ice-binding buffer (1×) and 5 μl of Annexin V-FITC and 10 μl of propidium iodide (PI) in the dark for 15 min according to the manufacturer’s protocol of the apoptosis kit (MultiSciences, Hangzhou, China). Finally, flow cytometry (Beckman Coulter, USA) was used to detect apoptosis rates. For the cell cycle analysis, the cells were treated the same as the cells tested for apoptosis and then cells were collected, washed with PBS, and fixed with 70% cold ethanol for 30 min. Fixed cells were washed with PBS and incubated with 1 ml DNA staining solution and 10 μl permeabilization solution in the dark for 30 min according to the protocol of the Cell Cycle Kit (MultiSciences, Hangzhou, China). Finally, flow cytometry was used to detect the percentages of cells in different stages during the cell cycle. FlowJo (BD, United States) software was used to analyze apoptosis, and Kaluza (Beckman Coulter, USA) software was used to analyze the cell cycle.



Immunoblotting Analysis

THP-1 and MV4-11 cells (1×105/ml) suspended in 6 ml culture media were seeded in a 6-well culture plate and treated with different concentration of solasonine, 2 μM compound C, or 8 μM solasonine+2 μM compound C for 24 h. Cells were lysed with RIPA buffer (Beyotime, China) containing inhibitor cocktail (MedChem Express, USA). The nuclear and cytosolic protein lysates were lysed according the protocol specified by the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, China). The mouse tumor tissue proteins were extracted and ground after addition of RIPA lysis buffer, followed by centrifuging at 20,000*g for 20 min at 4°C. The supernatant was collected, and its concentration was determined using the BCA Protein Assay Kit (Beyotime, China). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separated the proteins, which were then transferred to polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, USA). After blocking with 5% skimmed milk, the PVDF membrane was incubated with the following primary antibodies for 12 h: PARP (Affinity, United States, 1:1,000 dilution), caspase 9 (Cell Signaling Technology, United States, 1:1,000), cleaved caspase 9 (Cell Signaling Technology, United States, 1:1,000), caspase 3 (Proteintech, United States, 1:1,000), cleaved caspase 3 (Cell Signaling Technology, United States, 1:1,000), Bax (Cell Signaling Technology, United States, 1:1,000), Bcl-2 (Cell Signaling Technology, United States, 1:1,000), cyclin B1 (Proteintech, United States, 1:1,000), CDK1 (Proteintech, United States, 1:1,000), phosphorylated (P)-CDK1 (Affinity, United States, 1:1,000 dilution), AMPK (Proteintech, United States, 1:1,000 dilution), phosphorylated (P)-AMPK(Affinity, United States, 1:1,000 dilution), FOXO3A (Proteintech, United States, 1:1,000 dilution), β-actin (Affinity, United States, 1:5,000 dilution), and histone H3 (Affinity, United States, 1:1,000 dilution). The PVDF membrane was then incubated with a goat anti-rabbit IgG (Affinity, United States, 1:5,000) secondary antibody for 2 h. Finally, images were visualized by ChemiDoc XRS+ (Bio-Rad, United States) and analyzed by Image Lab, version 5.2.1(Bio-Rad Laboratories, Inc., United States).



Real-Time Quantitative PCR Analysis

THP-1 and MV4-11 cells (1×105/ml) suspended in 6 ml were seeded in a 6-well culture plate and treated with different concentration of solasonine (0, 6, 8, or 10 μM) for 24 h. Total RNA was isolated using TRIzol (Ambion, USA) from THP-1 and MV4-11 cell lines and complementary DNA (cDNA) was synthesized using the 5×All-In-One RT MasterMix Kit (ABM, China) under the following cycling conditions: 42°C for 15 min and 85°C for 5 min. Real-time quantitative PCR (RT-qPCR) was performed with a 7500 RT-PCR system (Applied Biosystems, USA). PCR reactions included EvaGreen 2×qPCR MasterMix (ABM, China), forward primers, reverse primers (Sangon Biotech, China), cDNA, and DEPC H2O (Beyotime, China). Procedures were set as 40 cycles of 95°C for 15 s, and 60°C for 1 min. The 2−ΔΔCT method was used to analyze RNA expression levels. The RNA expression level was calculated as =2−ΔΔ (the target CT of test sample-the ref CT of test sample)-(the target CT of control sample-the ref CT of control sample). The following primer sequences were used: actin: forward, 5′-TCACCCACACTGTGCCCATCTACGA-3′, reverse, 5′-CAGCGGAACCGCTCATTGCCAATGG-3′; AMPK: forward, 5′- CCTCTCGAAAGGTGGACAGC-3′, reverse, 5′- CTCCTGGTAGGAGAACGGGA-3′; FOXO3A: forward, 5′- GCAAAGCAGACCCTCAAACTG-3′, reverse, 5′- GCGTGGGATTCACAAAGGTG-3′.



Immunofluorescence Staining

THP-1 and MV4-11 cells (1×105/ml) suspended in 6 ml culture media were seeded in 6-well plates and then treated with 8 μM solasonine and cultured for 24 h. Cells were collected into a 1.5 ml Eppendorf tube and washed with PBS, and subsequently, fixed with 1% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 1 h, and blocked with 1% BSA for 1 h. Fixed cells were incubated with the anti-FOXO3A antibody (Proteintech, United States, 1:200) overnight at 4°C. After a PBS wash, cells were incubated with a goat anti-IgG/Cy-3 secondary antibody (Wuhan Good bio Technology Co., Ltd, China, 1:500) for 1 h at room temperature, and then stained with DAPI (Beyotime, China) for 30 min. Finally, cell images were captured using a camera equipped a Laser Scanning Confocal Microscope (Zeiss 710, Germany).



TUNEL Assay

TUNEL assays were used to detect apoptosis induced by solasonine on THP-1 and MV4-11 cell lines. In brief, THP-1 and MV4-11 cells (3×105/ml) were exposed to 8 μM solasonine for 24 h. Cells were collected into 1.5 ml Eppendorf tubes, fixed with 1% paraformaldehyde for 30 min, and then permeabilized with 0.1% Triton X-100 for 5 min. Cells were then resuspended in 100 μl of 1×equilibration Buffer for 5 min, and then incubated with BrightRed Labeling liquid TdT for 1 h in the dark. Cells were then stained with DAPI for 30 min according to the TUNEL Assay Kit (Vazyme, China) protocol. Cell images were captured with a fluorescent microscopy (Nikon80i, Nikon, Tokyo, Japan).



Mouse Xenograft Studies

Twenty female BALB/c nude mice at 5–6 weeks of age were housed under a pathogen free (SPF) environment. A total of 5×106 THP-1 cells were subsequently injected into right forelimb of each mice. When the tumor volume grew to 100 mm3, the mice were randomly separated into four groups (four mice in each group): group 1 were treated with normal saline as the NS control group; group 2 mice were treated with a low dose of solasonine (4 mg/kg); group 3 mice were treated with an intermediate dose of solasonine (8 mg/kg); and group four received a high dose of solasonine (16 mg/kg). The dosages were firstly chosen based upon in vitro cell lines IC50 data. The maximal dosage was determined by administering 16 and 20 mg/kg solasonine to healthy young mice. The mice receiving dosage 16 mg/kg were relatively unaffected, while the mice receiving 20 mg/kg demonstrated signs of detrimental condition. Solasonine was dissolved in DMSO to 100 mmol/L stock solution stored at −20°C and then diluted in working concentration before use. All the mice received intraperitoneal injections once a day for 14 days, the body weight and the tumor size were measured once every 2 days for 14 days (24, 25). All mice were subjected to euthanasia on the 14th day and then tumor tissues were separated. Animal experiments were approved by the Animal Ethics committee of the Affiliated Hospital of Nanjing University of Traditional Chinese Medicine (NO: 2019DW-21-02). The tumor volume was calculated as follows: V (tumor volume, mm3) = 0.5 × a (tumor length, mm) × b (tumor width, mm)2.



Zebrafish Xenograft Studies

Zebrafish were purchased from the Model Animal Research Center of Nanjing University and maintained at 28°C in a circulating water system. Zebrafish embryos were obtained when adult males and females zebrafish were housed together. Embryos were collected and placed at 28°C in petri dishes containing embryo culture medium. In brief, zebrafish embryos at 24 h post fertilization (24 hpf) were dechorionated with 1 mg/ml of pronase (Sigma-Aldrich, USA), then 2 mM 1-phenyl 2-thiourea (PTU) (Sigma-Aldrich, USA) was added to the embryo culture medium and incubated at 28°C. At 48 hpf, embryos were anesthetized with 0.0003% tricaine (Sigma-Aldrich, USA), positioned on a agar plate and approximately 200-300 CM-DiI THP-1 cells were injected into the yolk sac per embryo using a microinjector (Nanoliter 2010, USA), while under observation by stereoscope (Nikon, Japan). At 72 hpf, 120 zebrafish embryos xenografts having the same fluorescence intensity were randomly divided into three groups (40 embryos per group): the experimental group was exposed to 10 μM solasonine, the positive drug treatment group received four μM Ara-C, and the untreated negative control group. All groups were cultured in 6-well plates containing embryos in 5 ml in culture medium for a treatment period of 4 days in a incubator at 28°C. Twenty embryos of each group were used to study the inhibitory effect of the drugs on tumor cells, and the other twenty were used to observe the survival of zebrafish. The growth and metastasis of the tumor were observed using a fluorescence inverted microscope (Nikon Inc., Tokyo, Japan). The three zebrafish groups were sacrificed and digested with collagenase to single cell suspensions at 4 dpt and the number of CM-DiI stained cells untreated with drugs at 0 dpt were set a baseline number of 4 dpt.

In order to ensure the maximum safe doses of drugs, 100 zebrafish embryos at 72 hpf were treated respectively with concentrations of solasonine (0, 5, 10, 15, 20, or 25 μM) and Ara-C (0, 1, 2, 4, 8, or 16μM) for 4 days in 5 ml embryos culture medium at 28°C in an incubator. Fresh embryo culture medium with different drug concentrations was changed every 24 h for 4 treatment days. The survival rate of zebrafish embryos under different dosages was calculated to determine the maximum safe dose of solasonine and the positive control drug.



Immunohistochemical Staining

Tumor tissues were fixed in 4% paraformaldehyde for 24 h and were dehydrated through a serial concentrations of alcohol washes, embedded in paraffin and cut into 5-mm thick sections. Before immunostaining, the tissues were dewaxed in xylene and blocked with 10% sheep serum for 1 h at 37°C. The tissues sections were incubated with the KI-67, Bax, Bcl-2, cyclin B1, AMPK, or FOXO3A primary antibodies (Proteintech, United States, 1:200 dilution) overnight. The sections were then incubated with HRP labeled goat anti-rabbit IgG secondary antibody (Servicebio, Wuhan, China) for 1 h. Finally, the sections were stained with hematoxylin and images were captured by fluorescent microscopy using a Pannoramic 250 Flash III.



Next-Generation RNA Sequencing

THP-1 cells (3×105/ml) were seeded into 25 cm2 culture flasks and treated with solasonine (0 or 8 mM) for 24 h. The experiment was repeated three times with independent cell samples. Total RNA was isolated using TRIzol-based method (Ambion, USA) from THP-1 cells, and the extracted RNA was sent to Sangon Biotech Co (Shanghai, China) for sequencing under Illumina HiSeq platform. Pair-end reads were first trimmed (Trimmomatic) to remove the sequencing adapter sequence and were then filtered (FastQC) out low quality reads. Cleaned high quality sequence reads were then aligned (HISAT2) onto human genome reference with annotation. Mapped sequence reads were quantified at gene-level with StringTie software. Differential gene expression analysis between the control and treatment groups was performed with the R package DESeq2. Genes with q value<0.05 and the absolute fold change >2 were considered as significantly differential expressed genes (DEGs). Associated gene expression analysis was performed with the weighted gene co-expression network analysis (WGCNA) model. Protein interaction network was constructed upon STRING network database. Gene ontology (GO) enrichment was performed with the topGO tool. Gene pathway enrichment was performed based upon the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.



Statistical Analysis

SPSS version 26 and GraphPad Prism 6.0 software were used to analyze data which is expressed as mean ± SD. Two groups were compared with Student’s t test, and multiple groups were compared with One-way analysis of variance (ANOVA). P-values < 0.05 were considered to indicate a statistically significant difference.




Results


Solasonine Inhibited Cells Proliferation

Figure 1A shows the chemical structures of solasonine. We performed the CCK-8 assay using seven leukemia cell lines (THP-1, MV4-11, NB-4, HL-60, HEL, Raji, and Jurkat) to evaluate the proliferation and cytotoxic activity of solasonine. The results showed that solasonine exerted different levels of inhibitory effects on leukemia cell lines, among which the inhibitory effect on AML cell lines (THP-1, MV4-11, NB-4, HL-60, HEL) were stronger and in acute lymphocytic leukemia (ALL) cell lines (Raji and Jurkat) were weaker. Among the AML cell lines, the M5 subtype (AML-M5) cell lines THP-1 and MV4-11 were the most sensitive with a calculated IC50 of 11.19 and 12.50 μM, respectively; the AML-M3 cell lines HL-60 and NB-4 had an IC50 of 15.875 and 15.456 μM, respectively; and the AML-M6 cell line HEL, the IC50 was 17 μM (Figure 1B). Therefore, we chose THP-1 and MV4-11 cell lines for further test. Through this process, we found that increasing concentrations of solasonine inhibited the proliferation of THP-1 and MV4-11 cell lines in both 24 and 48 h (Figure 1C); We also observed morphological changes of the two cell lines: the solasonine treated cells were fewer in number than the control group cells, and with increasing concentrations of solasonine, a certain percentage of apoptosis-specific changes occurred in both cell lines, such as nuclear shrinkage and nuclear fragmentation (Figure 1D).




Figure 1 | Solasonine inhibited cell proliferation. (A) Chemical structures of solasonine. (B) IC50 value of solasonine in THP-1, MV4-11, NB-4, HL-60, HEL, Raji, and Jurkat cell lines. (C) Inhibition rate of THP-1 and MV4-11cells at different time points and concentrations. (D) Morphological changes of THP-1 and MV4-11cells induced by solasonine. (*considered a statistical difference compared the different concentrations to control group at the same time point, #considered a statistical difference compared 48 h to 24 h at the same concentration. *#P < 0.05, **##P < 0.01, ***###P < 0.001).





Solasonine Promoted Apoptosis

After determining that solasonine could inhibit cell proliferation using the CCK-8 assay, we decided to further investigate the functional activity of solasonine on acute monocytic leukemic cell lines by conducting flow cytometry, immunoblotting, and TUNEL assays. Firstly, the flow cytometry analysis indicated that the apoptosis rate increased with the increase of solasonine concentration in THP-1 and MV4-11 cell lines (Figure 2A and Supplementary Figure 1A). Secondly, the TUNEL assay further detected apoptosis of DNA degradation in solasonine treatment (Figure 2B). Lastly, to confirm the relationship between solasonine and apoptosis-associated protein, immunoblotting was performed and it revealed that solasonine promoted the expression of pro-apoptosis protein (Bax) and apoptosis-associated proteins (cleaved-caspase3 and cleaved-caspase9), and inhibited the expression of the anti-apoptotic protein Bcl-2 (Figure 2C and Supplementary Figure 1B). Thus, solasonine had a positive effect on promoting apoptosis of acute monocytic leukemic cells.




Figure 2 | Solasonine promoted acute monocytic leukemic cells apoptosis. (A) The flow cytometry analysis indicated that the apoptosis rate increased with the increase of solasonine concentration in THP-1 and MV4-11 cell lines. (B) TUNEL assay detected apoptosis of DNA degradation in solasonine treatment. (C) Protein levels related to apoptosis conducted by immunoblotting analyses in THP-1 and MV4-11cells.





Solasonine Induced Cell Cycle Arrest

We conducted flow cytometry analyses to determine the effects of solasonine on cell cycle progression on THP-1 and MV4-11 cell lines. Our results indicated that solasonine increased the proportion of cells in the G2/M phase (Figures 3A, B). Additionally, immunoblotting analyses further indicated that solasonine had an effect on the G2/M phase- related protein-it reduced the expression of Cyclin B1 and increase the phosphorylation of CDK1(P-CDK1) (Figures 3C, D). These results demonstrated that solasonine suppressed the cell cycle progression and arrested cells in G2/M phase.




Figure 3 | Solasonine induced acute monocytic leukemic cell cycle arrest in the G2/M phase. (A) Flow cytometric analysis showed that solasonine increased the proportion of cells in the G2/M phase in THP-1 and MV4-11cells. (B) Bar chart showed the percentage of cells in different cell cycle phase. (C) Immunoblotting analysis reported that solasonine upregulated the expression of P-CDK1 and downregulated Cyclin B1 in THP-1 and MV4-11 cells. (D) Bar chart showed the relative protein expression level of cells in the G2/M phase. (*considered a statistical difference compared to the control group, *P < 0.05, **P < 0.01).





Solasonine Activated the AMPK/FOXO3A Signaling Pathway

Given the results showing the anti-proliferative, pro-apoptotic, and cell cycle arrest effects induced by solasonine, we next sought to explore the underlying mechanisms through next generation RNA sequencing. RNASeq data have been deposited in SRA database with the number of PRJNA669277. A total of 1912 differentially expressed genes (DEGs), including 1,356 upregulated and 656 downregulated genes were obtained from the comparison between solasonine-treated and untreated THP-1 cells (Figure 4A). These genes were clearly clustered into two separate groups that coincided with solasonine-treated and untreated THP-1 cells (Figure 4B). We next classified the DEGs by performing a GO analysis and found that most DEGs were enriched in the cellular processes of apoptosis and the cell cycle. We also applied KEGG pathway enrichment analysis on the 1,912 DEGs and determined that a subset of DEGs was specifically enriched in the FOXO signaling pathway (Figure 4C). From the FOXO signaling pathway we found that the AMPK gene lies upstream of the FOXO gene. To evaluate the expression of FOXO3A and AMPK genes, we performed RT-qPCR analysis on messenger RNA (mRNA) isolated from solasonine treated THP-1 and MV4-11 cells. Solasonine increased the expression of AMPK and FOXO3A genes in both cell lines (Figure 4D). We also found, through immunoblotting analyses, that solasonine increased the expression of P-AMPK and caused nuclear translocation of FOXO3A in THP-1 and MV4-11 cell lines (Figure 4E and Supplementary Figure 2). Immunocytochemistry staining confirmed the nuclear translocation of FOXO3A after solasonine treatment (Figure 4F). Taken together, these results demonstrated that solasonine activated FOXO signaling by inducing the expression of its upstream AMPK and caused the nuclear translocation of FOXO3A.




Figure 4 | Solasonine activated AMPK/FOXO3A axis. (A) The next-gen RNA sequencing of volcano plot with 1,912 DEGs, including 1,356 upregulated and 656 downregulated gene from solasonine-treated and untreated THP-1. (B) The next-gen RNA sequencing of clustering heat map. (C) The next-gen RNA sequencing found that a subset of DEGs were specifically enriched in the FOXO signaling pathway. (D) Relative RNA expression of AMPK and FOXO3A in THP-1 and MV4-11cells by RT-qPCR. (E) Protein levels by immunoblotting analysis in THP-1 and MV4-11cells indicated that solasonine upregulated the expression of P-AMPK and caused nuclear translocation of FOXO3A. (F) Immunofluorescence staining showed that solasonine induced nuclear translocation of FOXO3A. (*considered a statistical difference compared to the control group, *P < 0.05, **P < 0.01).





AMPK/FOXO3A Axis Was Required for Solasonine-Induced Cell Cycle Arrest and Apoptosis in Acute Monocytic Leukemic Cell Lines

To further confirm whether AMPK-FOXO3A axis is required to induced cell cycle arrest and apoptosis. We treated the cells with compound C, an inhibitor of AMPK. We observed that the compound C prevented the solasonine-induced nuclear translocation of FOXO3A in THP-1 and MV4-11 cell lines (Figure 5A). Meanwhile, we examined the effects of compound C on the rate of solasonine-induced apoptosis and cell cycle arrest in these cell lines. As show in Figures 5B, C and Supplementary Figures 3A–C, solasonine-induced apoptosis and cell cycle arrest in the G2/M phase was largely restored by the inhibitor of AMPK. Finally, the compound C treatment also decreased the expression of pro-apoptosis protein (Bax) and apoptosis-associated proteins (cleaved-caspase3, cleaved-caspase9, cleaved-PARP), and increased the expression of the anti-apoptotic protein Bcl-2 (Figure 5D and Supplementary Figure 3D). Thus, our findings showed that AMPK/FOXO3A signaling was molecular mechanisms involved in solasonine-induced apoptosis and cell cycle arrest in THP-1 and MV4-11 cells.




Figure 5 | AMPK/FOXO3A signaling was required for solasonine-induced cell cycle arrest and apoptosis in acute monocytic leukemic cell lines. (A) Immunoblotting analysis showed that inhibition of AMPK activity by compound C prevented the solasonine-induced nuclear translocation of FOXO3A. (B, C) Bar chart showed that compound C decreased the solasonine induced apoptosis (B) and restored the cell cycle arrest in the G2/M phase (C) in THP-1 and MV4-11cells through Flow cytometry analysis. (D) Immunoblotting analysis showed that compound C decreased the solasonine-induced apoptosis related protein in THP-1 and MV4-11cells. (CON represented cells not treated solasonine and compound C; *P < 0.05).





Solasonine Demonstrated Its Anti-Tumor Activity in the Mouse Xenograft Model

A xenograft mouse model was established to investigate whether solasonine could inhibit tumor growth in vivo. As shown in Figures 6A–D, the weight and size of tumor tissue decreased with increasing concentrations of solasonine treatment, while there were no obvious changes in total mouse body weight across the four groups. Immunoblotting analyses indicated that solasonine upregulated the expression of Bax and P-CDK1 and downregulated Bcl-2 and Cyclin B1 expression in mouse acute monocytic leukemic tissues (Figures 6E, G). Meanwhile, solasonine increased the P-AMPK and induced FOXO3A nuclear translocation in tumor sections (Figures 6F, H). Using IHC staining, we observed fewer KI67 positively stained cells in solasonine-treated mice, suggesting that solasonine inhibited tumor growth by reducing cell proliferation. We also observed that the expression of Bax and P-AMPK increased, while that of Bcl-2 and Cyclin B1 were decreased, and that FOXO3A nuclear translocation increased (Figure 6I). Overall, these results suggested that solasonine inhibited tumor growth via the activation of the AMPK/FOXO3A axis.




Figure 6 | Solasonine demonstrated its anti-tumor activity in the mouse xenograft model. (A) Measurement of tumor size. (B) Body weight of xenograft mouse model indicated that there was no obvious difference. (C, D) The weight and size of tumor tissue declined with increases of the solasonine concentration. (E) Solasonine promoted apoptosis and cell cycle arrest showed by Immunoblotting analysis in vivo. (F) Solasonine increased the P-AMPK and induced FOXO3A nuclear translocation in tumor sections. (G, H) Bar chart showed the relative protein expression level related apoptosis, cell cycle, and AMPK/FOXO3A signaling in vivo. (I) Immunohistochemical (IHC) analysis showed that solasonine induced downregulation of KI-67, Bcl-2, and cyclin B1 and upregulated of Bax and P-AMPK. Furthermore, solasonine induced FOXO3A nuclear translocation in vivo. (NS represented cells treated normal saline, * considered a statistical difference compared to the NS group, *P < 0.05, **P < 0.01).





Solasonine Inhibited Tumor Growth and Metastasis in the Zebrafish Xenograft Model

The antineoplastic activities of solasonine were also evaluated in a zebrafish xenograft model using the human acute monocytic leukemic cell line THP-1. A schematic diagram of the timeline for cell injection and drug treatment is shown in Figure 7A. At 72 hpf, various concentrations of solasonine (0, 5, 10, 15, 20, or 25 μM) and Ara-C (0, 1, 2, 4, 8, or 16 μM) were administered to the zebrafish embryos via soaking for 4 days. The results showed that the maximum safe dose was 10 μM for solasonine and 4μM for Ara-C (Figure 7B). To evaluate the growth and metastasis of the tumor xenograft, we observed the zebrafish xenograft at 4 dpt through an inverted fluorescent microscope. The results showed that solasonine and Ara-C lowered the fluorescence intensity compared with the control group at 4 dpt. Meanwhile, the metastasis to the embryos tails and body also decreased (Figure 7D). The cell number at 0 dpt was set as the baseline and was normalized to 1. The THP-1 cells proliferated by 1.57-fold at 4 dpt in the control group, but proliferation decreased by 0.56- and 0.39-fold in the 10 μM solasonine treatment group and in the 4 μM Ara-C group at 4 dpt, respectively (Figure 7E). At the same time, we observed that solasonine prolonged the survival of zebrafish embryos compared to the control group (Figure 7C). These results indicated that solasonine was actively inhibited tumor growth and metastasis in a time-dependent manner in the zebrafish xenograft model.




Figure 7 | Solasonine inhibited tumor growth and metastasis in the zebrafish xenograft model. (A) A Schematic diagram of the timeline for cell injection and drug treatment. (B) The maximum safe dose was 10 μM for solasonine and 4μM for Ara-C. (C) Solasonine and Ara-C prolonged the survival of zebrafish embryos compared to the control group. (D) Solasonine and Ara-C lowered the fluorescence intensity compared with the control group at dpt 4. Untreated means zebrafish xenograf untreated with drugs at 0 dpt. (E) Bar chart showed the tumor cell proliferation treated by solasonine and Ara-C at 4 dpt. (dpt represented days post treatment, hpf represented hours post fertilization, dpi represented hours post injection. * considered a statistical difference compared to the untreated with drugs, *P < 0.05, **P < 0.01).






Discussion

Herbal plants and both their semi-synthetic and synthetic derivatives have drawn increasing attention due to their antitumor effects (26). Paclitaxel, doxorubicin, and vincristine are significant anticancer compounds derived from nature and represent milestone chemotherapeutic agents (27). Solasonine is a steroidal alkaloid which is mainly found in Solanum nigrum L. Solasonine reportedly suppressed the growth of several tumor cells, especially of solid tumors such as, glioma (28), colon carcinoma (15), cervical adenocarcinoma (15), hepatocellular liver carcinoma (15), breast cancer (29), and lung cancer (30). Our study revealed that solasonine exerted antiproliferative activity against the acute monocytic leukemic cell lines THP-1 and MV4-11, in a dose- and time-dependent manner. We also observed that solasonine could inhibited tumor growth in a xenograft model. These results confirmed that the solasonine exerts anti-acute monocytic leukemia effects both in vivo and in vitro. Further analysis indicated that solasonine also inhibited the progression of acute monocytic leukemia by promoting apoptosis and inducing cell cycle arrest.

Apoptosis has been recognized as a unique and significant pattern of “programmed” cell death, which involves the removal of genetically determined cells. It is characterized by specific morphological changes in cell structure and enzyme-dependent biochemical processes. The apoptosis pathway generally includes an initial reception of an apoptosis signal, which activates initiator caspases (caspases 8 and 9), which then leads to the activation of executioner caspases (caspases 3, 6, and 7), eventually, resulting in DNA fragmentation (31, 32). Several studies revealed that solasonine regulates proliferation by promoting apoptosis in other cancers, such as in the lung cancer cell line, as described by Huang et al. (30). Solasonine also induced human cholangiocarcinoma epithelial QBC939 cells apoptosis (33). However, studies on acute monocytic leukemia are rare. In this study, we concluded that solasonine promoted apoptosis on the acute monocytic leukemia cell lines THP-1 and MV4-11 by flow cytometry analysis, western blotting analysis, and the TUNEL assay. These results indicated that solasonine induced apoptosis of acute monocytic leukemia cells.

The regulation of the cell cycle can precisely control DNA replication, cell division, and other important events to maintain DNA integrity (34). DNA damage can lead to G1 or G2 phase cell cycle arrest or delay (35). Two checkpoints of G1/S and G2/M phase are important in the cell cycle process, and the combination and activity gain and loss of CDK-cyclin play a key role (36). In the G2/M phase, CDK1/cyclinB1 determines the fate of the cell cycle. For various human cancers, dysregulation of the cell cycle is an important course of tumorigenesis and progression (37). Jin et al. observed that solasonine induced a higher proportion of human HCC cells to accumulate in the G2/M phase, which means solasonine caused cell cycle arrest in the G2/M phase (38). However, other studies have indicated that solasonine caused cell cycle arrest in the S phase, such as those by Wang et al. (28) and Fekry et al. (39). In our study, we found that exposure to solasonine upregulated the expression of P-CDK1 and downregulated cyclin B1 expression in THP-1 and MV4-11 cell lines through immunoblotting analysis. Subsequently, flow cytometry studies indicated that solasonine increased the proportion of cells in the G2/M phase. Overall, our findings indicated that solasonine induced the cell cycle arrest of acute monocytic leukemic cell lines in the G2/M phase.

FOX is downstream of several kinases, such as AKT, JNK, and AMPK. AKT directly phosphorylates FOXOs and allows its binding to 14-3-3 nuclear output proteins, and translocation of FOXOs from the nucleus to the cytoplasm, where its accumulation leads to subsequent degradation (40). In addition, other kinases associated with carcinogenic signals, such as SGK, CK1, and IKK, can inactivate FOXO by a similar mechanism. However, AMPK can phosphorylate FOXO3A at six different threonine and serine sites to activate its transcriptional activity and regulate the transcription of downstream genes (41). In mesenchymal stem cells, AMPK can phosphorylate FOXO3A, and phosphorylated FOXO3A enters the nucleus to enhance transcriptional activity (42). In our immunofluorescence staining assay and immunoblotting analysis, we found that solasonine promoted FOXO3A nuclear translocation. However, there are no similar studies evaluating solasonine effects on AMPK/FOXO3A signaling. Our results showed that treatment with solasonine increased the expression of P-AMPK and induced the nuclear translocation of FOXO3A in THP-1 and MV4-11 cell lines, indicating the ability of solasonine to active AMPK and FOXO3A. Further, down-regulation of AMPK activity was achieved by compound C when co-treated with solasonine, whereby we also observed reduced nuclear translocation of FOXO3A, apoptosis, and cell cycle arrest.



Conclusions

In summary, the present study reported the beneficial effects of solasonine against the progression of acute monocytic leukemia and we also identified the underlying molecular mechanisms of action. Overall, solasonine inhibits the progression of acute monocytic leukemia by promoting apoptosis and inducing cell cycle arrest, and the underlying mechanism correlated with high expression of the AMPK/FOXO3A pathway (Figure 8).




Figure 8 | Schematic diagram of solasonine induced cell apoptosis and cell cycle arrest through AMPK/FOXO3A axis. Solasonine activating AMPK and then inducing FOXO3A nuclear translocation and finally exerting two aspect function of cell cycle arrest and apoptosis through inhibiting the expression of Cyclin B1 and promoting the expression of the caspase9, caspase3.
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