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Glioma is the most common form of malignant brain cancer. It is very difficult to cure malignant glioma because of the presence of glioma stem cells, which are a barrier to cure, have high tumorigenesis, associated with drug resistance, and responsible for relapse by regulating stemness genes. In this study, our results demonstrated that anticarin β, a natural compound from Antiaris toxicaria, can effectively and selectively suppress proliferation and cause apoptosis in glioma cells, which has an IC50 that is 100 times lower than that in mouse normal neural stem cells. Importantly, cell sphere formation assay and real time-quantitative analysis reveal that anticarin β inhibits cancer stemness by modulating related stemness gene expression. Additionally, anticarin β induces DNA damage to regulate the oncogene expression of signal transducer and activator of transcription 3 (STAT3), Akt, mitogen-activated protein kinases (MAPKs), and eventually leading to apoptosis. Furthermore, anticarin β effectively inhibits glioma growth and prolongs the lifts pan of tumor-bearing mice without systemic toxicity in the orthotopic xenograft mice model. These results suggest that anticarin β is a promising candidate inhibitor for malignant glioma.
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Introduction

Glioma is the most common and lethal kind of brain tumor, accounting for about 50% of malignant brain tumors. The average survival time from diagnosis to death for glioma patients is less than 15 months, and the 5-year survival rate is about 4.7% (1–4). Subpopulations of cancer cells with high tumorigenic potential and unlimited self-renewal capacity, termed cancer stem cells, were found to have high stemness properties (5–7). It has been demonstrated that these stemness-high malignant cells have high tumorigenic potential, enhanced DNA repair capacity, and resistance to conventional chemotherapies and radiation. Moreover, standard chemotherapy and radiation have been found to induce stemness genes in cancer cells, converting stemness-low cancer cells to stemness-high cancer cells. These stemness cells are likely to survive after therapy and ultimately lead to disease recurrence (7–13). Therefore, developing novel effective therapies for precise targeting stemness-high glioma is urgently needed.

Anticarin β is a natural product isolated from the bark of Antiaris toxicaria. Anticarin β is a coumarin derivative with a special structure that has been reported previously (14). The coumarins are an important class of heterocyclic compounds with diverse pharmacological activities and outstanding optical properties. Precious studies have demonstrated that coumarin and its derivatives have a variety of biological activities, including anti-inflammatory, antibacterial, antiviral, and anti-cancer activities which are associated with apoptosis (15–20).

In our study, anticarin β showed attractive bioactive properties to glioma in vitro and in vivo including selectively inhibit proliferatively and stemness, induce glioma apoptotic and DNA damage, suppress the growth of glioma on mice tumor model. Our finding suggested anticarin β is a potential inhibitor for human glioma.



Materials And Methods


Purification and Characterization of Anticarin β

The powdered bark of Antiaris toxicaria was socked in EtOH and concentrated to give a crude extract after removal of the solvents. The crude extract was extracted successively with petroleum ether, dichloromethane, ethyl acetate, and n-butanol. The n-butanol phase extract exhibited a significant cytotoxic activity on glioma cells. We then performed column chromatography on the crude extract, using Macro-porous resin column, Medium Pressure Liquid Chromatography (MPLC), and High-Performance Liquid Chromatography (HPLC). The extract was divided into several peaks by C18 column according to absorbance at 365 nm (Figure 1A). Peak 15# (indicated by arrow) was further purified by a C18 reverse-phase (HPLC) (Figure 1B) column and identified by ESI-MS spectrum (Figure 1C), 1H NMR spectrum (DMSO, Figure 1D), and 13C DEPT NMR spectrum (DMSO, Figure 1E). The compound, anticarin β, is consistent with previous reports (14).




Figure 1 | Purification and characterization of anticarin β from Antiaris toxicaria. (A) Crude extract containing anticarin β was separated by a C18 column and absorbance at 365 nm was recorded. (B) Fractions containing anticarin β (indicated by arrow in A) was further purified by a C18 reverse phase (HPLC) column and the anticarin β was indicated by a red arrow. (C–E) Anticarin β was characterized by ESI-MS spectrum (C), 1H-NMR spectrum (DMSO, D), and 13C DEPT NMR spectrum (DMSO, E).





Cells and Culture

All human cell lines were obtained from the Conservation Genetics CAS Kunming Cell Bank (Kunming, Yunnan, China), which performs authentication on its cell lines. Human cell lines were cultured in DMEM/F12 supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37˚C and 5% CO2 in a humidified incubator.

Normal mouse neural stem cell line (mNSC) was obtained from Sigma-Aldrich (Darmstadt, Germany). Neural stem cells were cultured in glioma stem cell medium that consisted of DMEM/F12, 1 x B27, 50 ng/mL bFGF, and 50 ng/mL EGF supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin. Culture dishes were pre-coated with 10 µg/mL laminin for 8 h at 37˚C in a humidified incubator before neural stem cells were seeded and maintained at 37˚C in a humidified incubator with 5% CO2.



Morphological Observation

The morphology of 10 µM anticarin β-treated cell lines (U87-MG, T98G, and mNSC) at 24 h after treatment was examined and images were observed by phase-contrast microscopy (magnification, 40x).



MTS Assay

A total of 2 x 104 cell lines (U87-MG, T98G, and mNSC) in 150 µl per well were seeded into 96-well plates and treated with 50 µl anticarin β at 10 μM, 5 μM, 2.5 μM, 1.25 μM, 625 nM, 312.5 nM, 156.25 nM, 78.125 nM, 39.0625 nM, respectively. Cells treated with the same volume of phosphate buffer saline (PBS, 0.01 M) were used as normal control. All groups of cells were incubated for 24 h at 37˚C with 5% CO2 after treatment with anticarin β. MTS reagent was diluted 1:10 with fresh complete medium and added 100 μL per well. After incubating for 1 hour, the absorbance was measured at 490 nm. The inhibition of cells treated with anticarin β was compared with the control group and expressed as a percentage. The half-maximal inhibitory concentration (IC50) was calculated using GraphPad Prism 6.0 (GraphPad Software).



Colony Formation Analysis

Human glioma cells, U87-MG and T98G, were plated in 6-well plates (100 cells each well) and incubated for 7 days with treatments of anticarin β (0.5 μM). The control groups were treated with the same volume of PBS. The cells were then fixed with 4% formaldehyde for 20 min and stained with 0.25% crystal violet for 15 min. The number of colonies, defined as > 50 cells/colony, was counted and quantified. The data were analyzed using ImageJ.



Cell Sphere Formation Assay

3.2% soft agar was made by 0.4 g low gelling agar, mixed with 13 mL water, and sterilized by high-pressure steam sterilization. Then, 3.2% soft agar was diluted to 0.8% with medium and plated 1 mL per well in a 6-well plate as the bottom layer of agar. After colling at room temperature, 2 x 104 cells were mixed with 0.8% soft agar to 0.4% and plated 1 mL per well in a 6-well plate, cooled, and added 1 mL medium each well. The plate was cultured in a humidified incubator at 37˚C with 5% CO2 and the medium was supplemented every 3 days. After the clonal spheres had reached 20 µm, they were treated with 1 μM anticarin β or the same volume of PBS every 3 days. After two weeks, the clonal spheres were collected, washed, and fixed with 4% paraformaldehyde containing 0.005% crystal violet for 2 h at room temperature. Images were obtained and the clonal spheres were counted.



Transwell Migration and Invasion Assays

Cell migration and invasion abilities were detected via Transwell assay (8-μm filter). For the migration assay, 5 x 104 cells resuspended in 200 μL culture medium with treatments of anticarin β (0.5 μM) without FBS were inoculated into the top chambers, the control groups were treated with the same volume of PBS; the bottom chambers were supplemented with 500 μL medium supplemented with 10% FBS. After 48 h, the non-migrating cells were removed, and the cells migrating through the membrane were fixed with methanol for 30 min and stained with 0.1% crystal violet for 15 min. The migrating cells were counted and the data were analyzed using GraphPad Prism 6.0 (GraphPad Software). For the invasion assay, the same number of cells was seeded into the top chambers that were precoated with Matrigel solution (BD Diagnostics), and the following experimental steps were the same as the migration assay.



Cell Proliferation Assay

Cell proliferation assay was performed using EdU Cell Proliferation Kit with Alexa Fluor 594 (Beyotime, Shanghai, China) and following the protocol described by the manufacturer. Cells were seeded onto a 24-well plate with coverslips, with 1x105 cells/per well. Anticarin β (0.5 μM) was added and the control wells were treated with the same volume of PBS. Cells were treated for 12 h at 37˚C in a humidified incubator. Then, cells were treated with EdU (10 µM) for 2 h at 37˚C in a humidified incubator with 5% CO2. Following incubation, the cells were fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 in PBS containing 3% BSA (PBS - BSA) for 20 min. Then, the cells were immersed in Click reaction mixture for 30 min and in Hoechst 33324 (10 mg/mL; diluted 1:1,000 in PBS) for 10 min at room temperature protected from light. Before the observation, the cells were washed twice with PBS and mounted onto a glass slide. Images were obtained using a fluorescent microscope at the magnifications 20x.



Real Time-Quantitative Analysis

The total RNA extraction of cells was performed using Trizol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 1 μg of total RNA was reverse transcribed using FastKing gDNA Dispelling RT SuperMix (Tiangen Biotech). The action was carried out at 42°C for 15 min and terminated by deactivation of the enzyme at 95°C for 5 min. PCR was conducted using EvaGreen 2X qPCR MasterMix (ABM, BC, Canada) in StepOne™ Real-Time PCR System (ThermoFish Scientific, MA, USA) using the manufacturer’s default settings for relative quantification of standard Ct. Baseline and threshold values were automatically detected using the StepOne™ Software v2.3 (ThermoFish Scientific, MA, USA) with default settings. Gene expression was calculated using the comparative ΔΔCT method with the housekeeping genes GAPDH for normalization. The primers used are provided as follows. Oct4: forward: 5’-TAG TCC CTT CGC AAG CCC T-3’, Reverse: 5’-CGA GAA GGC GAA ATC CGA AG-3’; Nanog: forward: 5’-CAA TGG TGT GAC GCA GGG AT-3’, Reverse: 5’-GGA CTG GAT GTT CTG GGT CTG-3’; Klf4: forward: 5’-ATG CTC ACC CCA CCT TCT TC-3’, Reverse: 5’-TTC TCA CCT GTG TGG GTT CG-3’; Sox2: forward: 5’-ACC AGC GCA TGG ACA GTT AC-3’, Reverse: 5’-CCG TTC ATG TAG GTC TGC GA-3’; Stat3: forward: 5’-ACC ATT GAC CTG CCG ATG TC-3’, Reverse: 5’-TAG GCG CCT CAG TCG TAT CT-3’; Cd133: forward: 5’-AGT CGG AAA CTG GCA GAT AGC-3’, Reverse: 5’-GGT AGT GTT GTA CTG GGC CAA T-3’; GAPDH: forward: 5’-GAA AGC CTG CCG GTG ACT AA-3’, Reverse: 5’-GCA TCA CCC GGA GGA GAA AT-3’.



Neutral Comet Assay

DNA damage was assessed by single-cell gel electrophoresis assay under neutral conditions as described (21). Human glioma cell lines U87-MG treated with anticarin β (1 μM) for 12 hours were suspend at 2 x 105 cells/mL in PBS. Combine the cell suspension with 1% molten low melting point agarose and immediately pipette it onto a slide. After placing slides at 4°C for 10 min, immerse slides in lysis solution overnight. Then, slides were immersed in freshly Neutral electrophoresis solution (pH = 9.0) for 30 min. Electrophoresis was carried out at the rate of 1.0 V/cm for 45 min at 4°C. After electrophoresis, the slides were immersed with DNA precipitation solution for 30 min and ice-cold 70% ethanol for 30 min. Subsequently, the slides were dried at room temperature, and DNA was stained with 50 μL of SYBR Green I dye [MCE, 1:10,000 in Tris-EDTA buffer (pH 7.4)] for 15 min and immediately analyzed using a fluorescence microscope. Data were analyzed using CometScore (TriTek, Sumerduck, VA).



Apoptosis Assay

Apoptosis assay was performed using GreenNuc™ Caspase-3 Assay Kit for Live Cells (Beyotime, Shanghai, China) and fluorescent terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay for tissue sections.

For cells, human glioma cell lines U87-MG (1 x 105 cells/well) were plated in a 6 cm glass-bottom dish. Cells were treated with 1 μM anticarin β for 24 h. Each dish was incubated with 5 μM GreenNuc™ Caspase-3 Substrate and Hoechst 33324 (10 mg/mL; diluted 1:1,000 in PBS) for 30 min in dark at room temperature. Before observing, the dishes were washed with PBS. Images were obtained using a fluorescent microscope at the magnification of 20x and 40x.

For tissue sections, Sections were de-paraffinized and rehydrated by incubation in a xylene and ethanol gradient. Antigen retrieval was performed in sodium citrate buffer (pH 6.0) at 95°C for 5 min. Tunel assay was performed using TUNEL FITC Apoptosis Detection Kit (Vazyme, Nanjing, China) according to the manufacturer’s protocol. The nuclei were counterstained with DAPI for 5 min. Images were obtained using a fluorescent microscope, and the staining was scored using ImageJ.



Western Blot Analysis

Human glioma cell lines U87-MG, treated with or without 1 μM anticarin β for a different time, and tumor tissues were collected and lysed in RIPA buffer (Sigma, St. Louis, MO), containing Protease Inhibitor Cocktail (MCE, Shanghai, China) and Phosphatase Inhibitor Cocktail II (MCE, Shanghai, China). Lysates were sonicated, clarified by centrifugation, and protein concentrations were measured using the BCA protein assay (Biosharp, Hefei, China). Proteins were separated on 10% acrylamide SDS–PAGE gels, transferred to PVDF membranes. After blocking, the membranes were incubated with primary antibodies at 4°C overnight and then incubated with secondary antibodies at room temperature for 1 h. The signal detection was performed using enhanced chemiluminescence ECL substrate (Bio-Rad, Hercules, USA). Band images were acquired using a LAS 4000 mini system (GE Healthcare, Little Chalfont, England). Each experiment was independently repeated in triplicate. The antibodies used as followed: Primary antibodies Phospho-p38 (Thr180/Tyr182) (4511, CST), p38 (8690, CST), phospho-Erk1/2 (Thr202/Tyr204) (9101, CST), Erk1/2 (4695, CST), phospho-JNK (Thr183/Tyr185) (9255, CST), JNK (9252, CST), phospho-Akt (Ser473) (4060, CST),Akt (pan)(4691, CST), p-STAT3 (Ser727) (9134, CST), STAT3 (12640, CST), E-cadherin (14472, CST), N-cadherin (13116, CST), β-catenin (8480, CST), vimentin (5741, CST), CD44 (5640, CST), Nanog (4903, CST), Sox2 (3579, CST), Oct4 (2840, CST), CD133 (64326, CST), Bcl-2 (15071, CST), Bax (89477, CST), clv-caspase3 (9661, CST), clv-PARP (5625, CST), GAPDH (97166, CST); secondary goat anti-mouse HRP-IgG (7076, CST) and goat anti-rabbit HRP-IgG (7074, CST) antibodies were used for immunoblotting.



Animal Experiment

Male NOD/SCID mice (5 weeks old, 15-18 g, N = 18) were purchased from Beijing Vital River Laboratory Animal Technology Company. Before the experiments, mice were performed to adapt to the environment for a week. A total of 18 male NOD/SCID mice were injected with 2 x 105 U87-MG cells in the right hippocampus. The injection position of each mouse was relatively consistent, and the injection depth was 3 mm. 3 days post-inject, the mice were randomly divided into three groups (6 mice per group). The intracranial administration of PBS or anticarin β (1 mg/kg) using Alzet Osmotic Pumps was started on animals each day, and the intragastric administration of temozolomide (TMZ, 50 mg/kg) was started on animals once. All mice were used in vivo research after death. The critical organs (heart, liver, spleen, lungs, and kidneys) and brains were harvested. The brain is divided into two parts according to the location of injection, and the tumor area was measured. Half of tissues were formalin-fixed, cut into small pieces, paraffin-embedded, sectioned, and stained with haematoxylin & eosin (H&E) or antibodies. The effect of anticarin β was evaluated on specimens in at least three different sections. Half of tissues were frozen at -80°C for other experiments.



Cell Detection

Flow cytometry was used to analyze the percentage of cancer stem cells in T98G and U87-MG. Tumor cells were collected, rinsed, and fixed in 4% polyoxymethylene for 30 min. Then, cells were incubated with anti-CD44 antibodies for 60 min at room temperature in the dark. After washing with PBS, cells were incubated with FITC-labled secondary antibodies for 60 min at room temperature in the dark. The cells were resuspended in PBS and analyzed using an LSRFortessa flow cytometer (BD, San Jose, CA, USA). The data were analyzed using FlowJo software (Beckman Coulter). Each experiment was carried out in triplicates.



Statistical Analysis

The quantitative data are represented as the mean ± s.d. of triplicate experiments. The difference between two groups was compared with Student’s t-test. Ordinary one-way ANOVA with multiple comparisons tests was used for examining differences among multiple groups. The overall survival of mice was analyzed by the Kaplan-Meier method and compared with the Log-rank test. All statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software), and p-values were calculated, significance is represented as follows, * (P < 0.05), ** (P < 0.01), and *** (P < 0.001).




Results


Anticarin β Selectively Inhibits the Proliferation of Human Glioma Cells

A function-based purification strategy was guided the potential anti-glioma compound identification in Antiaris toxicaria. Anticarin β was purified and characterized (Figure 1). The structure of anticarin β was established as 4’-β-glucosyl-khellactone, angular dihydropyrano- coumarin, shown in Figure 2A. Then, the proliferation-inhibiting efficacy of anticarin β against human glioma cells (U87-MG and T98G) and normal mouse neural stem cells (mNSCs) was evaluated. Anticarin β effectively inhibited the proliferation of glioma cells with concentration-dependent manner and no significant cytotoxicity was observed in normal mouse neural stem cells (Figure 2B). Anticarin β effectively inhibits human glioma cells (U87-MG and T98G) with half-maximal inhibitory concentration (IC50) ~1.01 ± 0.10 and 1.20 ± 0.11 μM at 24 h, respectively. For the mNSCs, the IC50 value was more than 500 μM. Furthermore, the colony formation assay was performed to determine the effect of anticarin β on cell proliferative potential of human glioma cells. The colonies formed after anticarin β treatment was reduced 25% in U87-MG and 35% in T98G compare with the control (Figure 2C). As shown in Figure 2D, EdU-positive proliferative cells decreased by more than 70% in cells treated with anticarin β compared with PBS group. Anticarin β had no significant inhibitory effect on proliferation in mNSCs (Figure S1A). This result indicated that anticarin β could suppress proliferation by reducing DNA synthesis. Additionally, transwell cell migration, matrigel invasion assay, and western blot analysis showed that the treatment of anticarin β can suppress cell migration and invasion in both human glioma cell lines U87-MG and T98G compared to control (Figures 2E–G), and has no effects on migration and invasion in mNSC (Figures S1B, C). These results above illustrated that anticarin β selectively inhibit the human glioma cells and has no toxic to normal neural stem cells, suggesting anticarin β may targeting tumor-specific pathways.




Figure 2 | Anticarin β inhibits the proliferation of human glioma cells. (A) The chemical structure of anticarin β. (B) Morphological changes and dose-dependent cytotoxicity on human glioma cell lines (U87-MG and T98G). Cells were treated with 0-10 μM anticarin β for 24h and then observed by phase-contrast microscopy. Cell viability was calculated using MTS analysis. (C) The colony formation results of U87-MG and T98G after treatments of anticarin β (0.5 μM) for 7 days were exhibited. (D) The number of proliferative cells labeled by EdU (red) and cell nucleus labeled by Hoechst 33324 (blue) was different between anticarin β (0.5 μM, 12 hours) and PBS group in U87-MG and T98G. Scale bar, 200 μm. (E) Migration and (F) invasion ability of human glioma cell lines U87-MG and T98G treated with anticarin β (0.5 μM) for 48 hours were measured with transwell migration assay and transwell invasion assay. (G) Western blotting analysis of E-cadherin, N-cadherin, β-catenin, vimentin in T98G and U87-MG treated with or without anticarin β (0.5 μM). Data are presented as mean ± s.d. of three independent experiments conducted in duplicate, ***P < 0.001 versus the control group.





Anticarin β Inhibits the Stemness of Human Glioma Cells

The stemness of cancer plays an essential role in tumorigenic, drug resistance, and relapse. The stem cells contain self-renewal capacity and give rise to the various cell lineages that comprise the tumor; they have been postulated as responsible for recurrence, and drug resistance of glioma (5). Thus, here we attempted to explore the effects of anticarin β on the stemness of glioma. CD44 have been identified as cancer stem cell markers for isolating and enriching cancer stem cells (22). Flow cytometric analysis showed that the high expression of CD44 in T98G and U87-MG. These results indicated that the high percentage of cancer stem cells in the T98G and U87-MG (Figure S2A). We examined whether anticarin β affects the self-renewal of glioma through cell sphere formation assay. U87-MG and T98G were treated with 1 μM anticarin β, clonal spheres were damaged, and the number of clonal spheres decreased dramatically compared with control (Figure 3A). Further, the expression of several stemness-associated factors and markers was examined in U87-MG with anticarin β (1 μM) for the different times by RT-qPCR analysis and Western Blotting analysis (Figures 3B, C). The treatment of U87-MG with anticarin β significantly decreased mRNA expression of many stemness factors and markers, including Nanog, Oct4, Sox2, Cd133, and Stat3. The protein expression of CD44, CD133, Nanog, Oct4, Sox2, and p-STAT3(Tyr705) was suppressed by anticarin β treatment for increasing time. Taken together, these results demonstrate that anticarin β destroy the self-renewal capacity of glioma cancer stem cells.




Figure 3 | Anticarin β inhibits the stemness of human glioma cells. (A) Human glioma cell lines U87-MG and T98G clonal sphere morphology were damaged following treatment with anticarin β (1 μM). Cells sphere formation was stained with 4% paraformaldehyde and 0.005% crystal violet for 2 hours. The quantitative data of the number of clonal spheres were shown. (B) The mRNA expression of the stemness-related genes was measured in U87-MG cells with anticarin β (1 μM) for different times using RT-qPCR analysis. (C) The expression of the stemness-related proteins and CD44 was detected by Western Blotting in U87-MG cells after treated with anticarin β (1 μM) for different times. Data are presented as mean ± s.d. of three independent experiments conducted in duplicate, *P < 0.05 and ***P < 0.001 versus the control group.





Anticarin β Induces Apoptosis and DNA Damage in Human Glioma Cells

In cancer therapies, DNA damage is a countermeasure to control cancer cell fate, death, or survival, to limit cancer progression. Upon DNA damage, cells initiate several response pathways to activate DNA repair or apoptosis (23). Previous experiments have shown that anticarin β can suppress DNA synthesis. For this reason, to further explore the mechanism of anticarin β’s cytotoxicity, we performed Comet Assay to assess DNA damage. Anticarin β treatment could lead to obvious DNA damage (Figure 4A). Then, the caspase3 probe fluorescence analysis indicated that anticarin β (1 μM, 24 h) induced caspase-3 activation in human glioma cells and suppressing glioma cell growth (Figure 4B). This data indicated that anticarin β-induced cell death was, at least partly, associated with apoptosis induction.




Figure 4 | Anticarin β induces apoptosis by DNA damage in human glioma cells. (A) The DNA damage in human glioma cell lines U87-MG treated with anticarin β (1 μM) for 12 hours was measured using the neutral comet assay. Scale bar, 1000 μm. (B) U87-MG and T98G cells were treated with anticarin β (1 μM) or PBS for 24 hours, followed by fluorescence analysis of caspase 3 probe (green) and Hoechst 33324 (blue). Scale bar, 100 μm. (C, D) Western blotting analysis showed the time-dependent effects of anticarin β (1 μM) in U87-MG cells on Akt, MAPKs signal pathways, and apoptotic-related proteins. Data are presented as mean ± s.d. of three independent experiments conducted in duplicate, ***P < 0.001 versus the control group.



To further explore the underlying molecular mechanism, western blot analysis was used to investigate signaling pathways. Akt, p38, extracellular-signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), Bax, B-cell lymphoma-2 (Bcl-2), caspase3, and PARP both play important roles in regulating cancer cell proliferation and apoptosis (24, 25). Therefore, related proteins were examined in anticarin β-treated U87-MG cells by Western blotting (Figures 4C, D). Anticarin β treatment caused activation of p-p38 (Thr180/Tyr182), Bax, caspase3, and PARP. p-JNK (Thr183/Tyr18), and p-ERK1/2 (Thr202/Tyr204) were activated from 3 to 12 h then decreased. p-Akt (Ser473), and Bcl-2 was suppressed. These results elucidated that anticarin β inhibits cell growth and induces apoptosis in U87-MG cells via affecting Akt, MAPKs pathways, and apoptotic-related proteins.



Anticarin β Inhibits the Glioma Growth in Orthotopic Xenograft Mice Model

We next tested whether anticarin β can suppress glioma growth in vivo using an orthotopic xenograft NOD/SCID mice tumor model. Human glioma cell line U87-MG (2 x 105) was injected into the right hippocampus of mice. Mice were randomly divided into 3 groups (negative group (PBS), positive group (temozolomide, the most commonly used alkylating agent in glioma chemotherapy), and anticarin β group. Consistent with our in vitro results, anticarin β significantly suppressed the growth of glioma cells (Figures 5A, B). Mice weight has no significant change until ~23 days after glioma cell injected, and the survival of tumor-bearing mice has been prolonged in anticarin β group (Figure 5C, D). There was no obvious toxicity in the major organs of mice treated with anticarin β (Figure S3A). Tumor samples were collected, and western blot analysis showed that the expression of stemness-related proteins and apoptosis proteins in vivo was similar to that in vitro. In anticarin β-treated tumor tissues, CD44, CD133, Nanog, Oct4, Sox2, p-STAT3 were suppressed, and caspase3, PARP was activated (Figure 5E). Furthermore, Nanog and phosphorylated STAT3 in anticarin β-treated tumor tissues were decreased by immunofluorescent stain (Figure 5F). TUNEL staining confirmed a higher percentage of apoptotic cells in brain tumors treated with anticarin β than PBS (Figure 5G). Our data suggested that anticarin β block tumorigenesis, prolong overall survival duration, and has no obvious systemic toxicity in vivo, thus highlighting the potential of anticarin β to develop an inhibitor for glioma in the future.




Figure 5 | Anticarin β inhibits the tumor growth of the human glioma orthotopic xenograft in vivo. U87-MG (2 x 105) cells were inoculated in the right hippocampus of NOD/SCID mice. 3 days post inject, the intracranial administration of PBS or anticarin β (1 mg/kg) using Alzet Osmotic Pumps was started on animals each day, and the intragastric administration of temozolomide (TMZ) (50 mg/kg) was started on animals once. All mice were used in vivo research after death. The tumor area was measured by brain sections, tumor areas are highlighted in black circles on the brain sections (A, B), and the comparison of weight and Kaplan-Meier curves among each group is presented (C, D). (E) Tumor samples were collected, and protein was extracted for western blot analysis. Stemness-related proteins and apoptosis proteins were detected, with GAPDH used as control. (F) Tumors were subjected to immunofluorescent stain and the level of Nanog and p-STAT3 was evaluated. Cells were stained for the DAPI (blue), Nanog (red), p-STAT3 (red). Scale bar, 100 μm. (G) Tumors were subjected to TUNEL assay and the percentage of TUNEL-positive cells were calculated. Data represent mean ± s.d. N = 6. ***P < 0.001 versus the Control group.






Discussion

The current standard therapeutic strategy for glioma is mainly relied on surgical treatment, followed by radiotherapy and chemotherapy. The limitations of surgical treatment make it impossible to completely remove tumors, and glioma cells are often tolerant to chemotherapy and radiotherapy. The prognosis for patients is still poor with a low five-year survival rate (1–4). Preciously, some novel strategies of therapy have been investigated. Many chemotherapeutic agents isolated from natural plants are served as the effective drug of cancer cells (13, 26–28).

Anticarin β, a coumarin derivative isolated from the bark of Antiaris toxicaria Lesch, has been reported to have potential anticancer activities (14). However, the molecular mechanisms underlying anticarin β-mediated suppression of tumors remain poorly understood. In this study, we determined the anticancer effector and associated mechanisms of anticarin β on human glioma cell lines in vitro. With the concentrations used in our study, anticarin β effectively suppressed the proliferation of human glioma cell lines (U87-MG and T98G) in a dose-dependent manner and showed no significant cytotoxicity to mouse neural stem cells. Additionally, our study indicated that anticarin β could suppress the migration, invasion, and proliferation of human glioma. In vivo, anticarin β had no obvious systemic toxicity, dramatically reduced tumor growth, and prolong overall survival duration. However, as for its specific adverse effects on mice, further study is still necessary for the future.

Stemness, initially defined by the expression of stem cell genes, is a property shared by embryonic stem cells and adult stem cells (7, 29). Glioma stem cell markers differentially expressed on glioma stem cells and functionally associated with the maintenance of glioma stem cells are ideal targets for glioma stem cells (6, 30). CD133, one of the earliest stem-cell surface markers, is essential for glioma stem cell maintenance and neurosphere formation. It is also an indicator of resistance to conventional therapy (31). CD44 is cancer stem cell marker and critical player in regulating self-renewal, tumor initiation, metastasis, and chemoradio-resistance (22). Some transcriptional factors with well-recognized functions in embryonic development, such as Nanog, Oct4, Sox2, STAT3, have been identified as oncogenic drivers which can affect the fate of glioma stem cells and regulation of glioma development (32). In addition to different gene expressions, stemness can be measured by a cell’s ability to form spheres (33). In our study, we found that anticarin β inhibits clonal spheres forming in human glioma cells and reduces the expression of stemness-related markers, such as Nanog, Oct4, Sox2, CD133, STAT3, and CD44. Besides, anticarin β suppresses stemness-related protein expression in tumor model. These data indicated that anticarin β could inhibit cancer stemness by modulating the expression of several stemness-related genes.

Apoptosis is modulated by death receptors and death factors, to control cell proliferation and a reaction to cell injury. Tumorigenesis includes the occurrence of an imbalance between cell proliferation and apoptotic cell death, leading to the escape of apoptosis and over-proliferation. DNA damage can result in genomic instability, apoptosis, cell cycle checkpoint alteration, or postmitotic death (1, 34, 35). Signaling through MAPKs, Akt, STAT3 are known to play important role in various cell functions in gliomas, such as cell proliferation, angiogenesis, apoptosis, inflammation, oncogenesis, and differentiation (25, 36–43). Previous studies have shown that STAT3 promotes cell proliferation and inhibits apoptosis by increasing the expression of oncogenes, including survivin, c-Myc, Bcl-2 (44). The pro- or anti- apoptotic effects of MAPK activation depend on the duration of the signal. Persistent activation of JNK, p38, and ERK1/2 induce apoptosis (24, 25, 45, 46). In this study, our data demonstrated that anticarin β can induce DNA damage and apoptosis in human glioma cells. Western blotting results showed that anticarin β decreased the levels of Bcl-2, and increased the levels of Bax, clv-capase3, and clv-PARP, which indicated apoptosis-induced. Besides, anticarin β significantly decreased the phosphorylation levels of Akt, STAT3, and cause prolonged JNK, p38, ERK1/2 activation. These results demonstrated that the functional importance of the Akt, STAT3, and MAPKs pathways in anticarin β-induced DNA damage and apoptosis in human glioma cells.

In conclusion, our findings above suggested that anticarin β effectively and selectively suppress the growth, proliferation, and stemness of human glioma cells by inducing apoptosis and DNA damage, which likely through modulation of STAT3, Akt, MAPKs pathways, and apoptotic-related proteins. In the human glioma orthotopic xenograft models, administration of anticarin β exhibited obvious anti-cancer activity. Furthermore, anticarin β with low cytotoxicity has the potential to be a promising compound to prevent human glioma tumorigenesis. The anti-tumor effect of anticarin β against glioma could be combined with other FDA-approved DNA-damaging anti-cancer drugs in future studies.
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