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Background

Glioblastoma multiforme (GBM) is the most lethal brain cancer in adults, characterized by rapid growth, extensive invasiveness, and poor prognosis, and there is still a lack of effective treatments. Here, we aimed to explore the role of triptolide (TPL), purified from Tripterygium wilfordii Hook F, on glioblastoma cell growth, apoptosis, proliferation, migration and invasion, as well as potential underlying mechanisms.





Methods

The publicly available clinical data of Brain Lower Grade Glioma (LGG) from The Cancer Genome Atlas (TCGA) had been screened to observe PROX1 expression. The Kaplan-Meier analysis was used to analyze the relationship between PROX1 expression and GBM prognosis. CCK8, cell cycle, EDU, apoptosis, wound healing, and transwell assays were performed to detect the effects of TPL on glioblastoma U251 cell viability, cell cycle, proliferation, apoptosis, migration and invasion, respectively. Further, a soft agar colony assay was used to calculate the growth of glioblastoma cells. The qRT-PCR and western blot were conducted to quantify PROX1 mRNA and protein levels. The transcriptional regulation of TPL was detected by Dual luciferase reporter assay.





Results

We found that TPL inhibited glioblastoma cell viability, proliferation, cell cycle, migration and invasion, but enhanced apoptosis in a dose-dependent manner. The expression of cell cycle inhibitor, P21, and pro-apoptosis factor, Bax was increased, while invasion-related factors MMP2 and MMP9 were silenced after TPL treatments. Mechanistically, TPL showed transcriptional inhibition of PROX1 appearance. Moreover, ectopic expression of PROX1 partially rescued the effects of TPL on glioblastoma cell viability, proliferation, apoptosis, migration and invasion, and on the expression of cell function-related genes.





Conclusion

This study verified that TPL inhibited the progression of glioblastoma cells by transcriptionally depressing the expression of PROX1.
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Introduction

Glioblastoma (GBM) is the most common primary central nervous system malignancy in adults, and patients have a poor survival period of about 15 months (1). Currently, the main treatment strategies for GBM are surgical resection followed by radiotherapy and temozolomide (TMZ) chemotherapy (2). However, due to the infiltrative nature of GBM, Traditional surgical methods cannot completely remove invasive tumor cells and failed to prevent tumor recurrence. Targeted drugs such as bevacizumab (anti-angiogenic factor), alectinib (ALK gene), and everolimus (mTOR inhibitor), have been successively used in the precise treatment of GBM, and significantly improved progression-free survival (PFS) in GBM patients (3, 4). Immunotherapy has emerged as a potent approach for treating aggressive cancers, such as non–small-cell lung tumors (NSCLC) and melanoma, but does not affect GBM (4). Therefore, it is urgent to develop newer and more effective therapeutic strategies and agents to treat GBM.

Triptolide (TPL), a main active component purified from the Chinese herb Tripterygium wilfordii Hook F, has shown antitumor activities in various cancer cell types (5). Numerous studies have proved that TPL is a broad-spectrum tumor inhibitor for various cancers such as leukemia, breast cancer, pancreatic cancer, and lung cancer. TPL was reported to inhibit the cell proliferation and tumorigenesis of neuroblastoma and the NF-κB pathway was involved in the TPL-induced neuroblastoma cell apoptosis (6). In terms of Glioblastoma, Sai et al. demonstrated that TPL inhibits NF-κB signaling and enhances TMZ-induced apoptosis (7). However, there are still few studies on its anti-tumor effect in glioblastoma, and the underlying mechanism remains largely unknown.

The homeobox protein Prospero-related homeobox 1 (PROX1) is a homeobox transcription factor that plays a critical role in the development of organs during embryogenesis (8). Originally, PROX1 served as a specific marker to lymphatic vessels and has an essential role in lymphangiogenesis (9). Outside the lymphatic system, PROX1 is expressed in several tissues including the heart, liver, skeletal muscle, pancreas, kidney, and nervous system (10). In addition, PROX1 has also been found to be involved in the occurrence and development of various tumor types. PROX1 regulates the proliferation and differentiation of tumor cells through different transcriptional pathways, but whether PROX1 plays the role of “tumor suppressor” or “tumor promoter” is still controversial. It has been reported that the high expression of PROX1 is positively associated with the proliferation of colon cancer cells and the metastasis of liver cancer cells (11, 12); however, its high expression has an inhibitory effect on the proliferation of esophageal and pancreatic cancers (13, 14). It is worth mentioning that the expression of PROX1 is different in GBM with different malignant degrees. Tamador Elsir et al. have shown that High-grade gliomas (grades III and IV) have a higher expression of PROX1, and PROX1 can be used as a molecular marker for the diagnosis of astrocytic gliomas (15). Kenney R. et al. also suggest that PROX1 can serve as a new prognostic biomarker for astrocytomas (16). Xu et al. recently reveal that PROX1 is an oncogene in GBM via activating the NF-kB signal (17).

In this study, we further validated the anti-tumor effects of TPL and explored the role of PROX1 on TPL-induced inhibition of cell proliferation, migration and invasion, and enhancement of apoptosis using the human glioblastoma U251 cell line. These results will help to understand the critical role of TPL in glioblastoma cell proliferation and apoptosis and provide new therapeutic medicine for glioblastoma therapy.





Materials and methods




Cell culture

Human glioblastoma U251 cells were obtained from BeNa Culture Collection (BNCC) (Henan, P.R. China). Cells were cultured in RPMI 1640 Medium (Gibco) with 10% FBS, and maintained in a humidity incubator (Thermo Fisher Scientific, USA) at 37°C with 5% CO2. LipoFectMax™ 3000 Transfection Reagent (ABP Biosciences) was used to transfect the U251 cells.





Drugs and regents

TPL was purchased from PUSH Bio-technology (Chengdu, P.R. China), dissolved in DMSO to a storage concentration of 10 mM and stored at −20°C. Serum-free DMEM was used to dilute TPL before the experiments. Puromycin aminonucleoside (1.5 μg/ml) was obtained from MedChemExpress.





qRT-PCR assay

Total RNA was extracted from the cells using the TRIzol kit (Takara, Dalian, China) as described previously (18). 1 μg RNA was used to transcribe cDNA using the HiScript II Q RT SuperMix (R223-01, Vazyme). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using a qTOWER384G(analytikjena). The results were analyzed using the 2-ΔΔCt method and GAPDH as an internal reference. The primers used in the study were as follows:

PROX1Forward Primer: AAAGGACGGTAGGGACAGCAT, Reverse Primer: CCTTGGGGATTCATGGCACTAA; GAPDH Forward Primer: ATGGGGAAGGTGAAGGTCG, Reverse Primer: GGGGTCATTGATGGCAACAATA.





Western blot assay

Western blot analysis was carried out as described previously (19). Briefly, U251 cells were cultured and treated as indicated demand. The total protein was extracted using RIPA lysis buffer (Beyotime), and the cell lysates were subjected to western blot. The polyclonal antibodies (pAb) against PROX1, Bax, P21, and GAPDH were from Proteintech. The anti-MMP2 and MMP9 antibodies were from Affinity Biosciences.





Luciferase assay

The transcription activation activity of TPL was determined using luciferase assays with a PRXO1-Luc reporter, which was cloned as before (20). U251cells were cultured in 24 wells and co-transfected with PROX1-LUC (0.25mg) and pRL-TK plasmid (10ng, internal control). 24 hours later cells suffered to 0, 50, 100, or 200 nM TPL treatments. 24h later, the cells were lysed, and the lysates were used for luciferase assay.





CCK8 assay

Cell counting kit-8 (CCK-8) assay (Beyotime) was performed to evaluate the U251cell viability as before (18). Briefly, 1x105 U251cells were seeded in a 96-well plate (NEST, China) for 24 h, and then treated with different concentrations of TPL for another 24h. The CCK-8 solution (10 μl) was added to the culture medium of each well. After that, the cell plate was incubated for 4 hours at 37°C, and the absorbance of each well at 450 nm was recorded using a microplate reader (Spark, TECAN).





Cell cycle assay

The effect of TPL on the cell cycle in glioblastoma was analyzed using the Cell Cycle Staining Kit (Beyotime). And the cell cycle assay was performed as described previously (21). After treatment with TPL for 24h, U251 cells were trypsinized, fixed in 70% ice-cold ethanol for 24 h and washed with PBS, then incubated with 100 mg/mL RNase and 4 mg/mL propidium iodide (PI) in 500 μl PBS. The cell cycle phase was analyzed using a cytoflex (Beckman Coulter).





Apoptosis assay

The effects of TPL on glioma cell apoptosis were measured using the Annexin V-FITC/PI apoptosis kit (Beyotime). U251 cells were treated with TPL or TPL + puromycin (1.5μg/mL) for 24h. Then the cells were washed, digested with trypsin without EDTA, and collected for staining. 200 μl staining buffer with Annexin V-FITC and PI was added to the cells and incubated at room temperature for 15 min, and analyzed with a cytoflex (Beckman Coulter). We calculated the percentage of apoptotic cells by the percentage of cells in the quadrant of AnnexinV-FITC-positive, PI-positive, or PI-negative.





Wound healing assay

U251cells (80% confluence) were plated into 12-well culture plates (NEST, China), and cultured overnight. A scratch was created artificially using the tip of a 10 μl pipette gun in the middle of the adherent cells. Finally, the medium with different concentrations of TPL was added to the cells. Phase contrast images were taken at 0, 6 and 24h after scratching using an Olympus light microscope with a 10x objective lens. Then the relative migration cells and width were measured using Image J.





Transwell migration assay

For migration experiments, U251cells were treated with different concentrations of TPL for 24hr. Then cells were harvested and re-cultured in the matrigel-coated (Biozellen, rehydrated with medium, 1:50) transwell chamber (8mm, Corning) with 200 µL serum-free DMEM, while the lower part filled with 500 µL DMEM containing 10% FBS. After Incubating for 12 hr, the cells which were attached inside of the filter were wiped with a cotton swab, while the invaded cells on the lower surface were fixed with methyl alcohol for 15 min, and stained with 0.1% crystal violet for 20 min. Then PBS was used to wash the cells until washing out the excess dye. The cells were counted under the Olympus microscope at a magnification of 100x and quantified by Image J.





Proliferation assay

Cell proliferation was monitored using the iClick™ EdU Andy Fluor™ 647 Imaging Kit (ABP Biosciences) following the manufacturer’s instructions. U251 cells were cultured in 24 wells and treated with 0, 50, 100 nM TPL and 100 nM TPL+pcDNA3.1-PROX1 expression plasmid for 24 h, and incubated with 10 μM EdU for 12 h, fixed with 4% paraformaldehyde for 15 min at 37°C, permeabilized in 0.3% TritonX-100 and washed twice with PBS containing 0.3% BSA. Then, 100 μl of Apollo 567 stain reaction buffer was added for 30 min and washed twice with 0.3% BSA. The cells were stained with 100 μl of DAPI (dilution at 1: 2000) for 20 min at room temperature and imaged under the Olympus microscope at a magnification of 400x. The rate of cell proliferation was calculated with the percentage of EdU-positive red cells over DAPI-stained cells (blue) × 100%.





Soft agar colony formation assay

U251 cells were cultured in 12 wells and treated with 0, 50, and 100 nM TPL, and one well transfected with pcDNA3.1-PROX1 plasmid and 100 nM TPL and harvested as single-cell suspension. We resuspended 1 × 104 cells in 500 μl of a 1:1 mix of medium and Matri-gel (Biozellen), and 100 μl drops were placed on precooled 24-well plates and allowed to solidify for 5 minutes at 4°C. Another 1ml of fixing solution was added for 15 minutes, and then 1ml of the medium was added and cultured in an incubator for 1-2 weeks. Plates were stained with crystal violet (Beyotime) and washed to remove excess crystal violet. The number of colonies was scored with Image J.





Statistical analysis

All experiments were repeated independently at least three times and GraphPad Prism 6.0 software was used for statistical analyses. All data were presented as mean ± SD. The Student’s t-test and one-way ANOVA were employed to compare differences between groups. p <0.05 was considered to be statistically significant.






Results




PROX1 expression is associated with poor prognosis in glioblastoma patients

PROX1 has been identified as an independent prognostic factor for survival in patients with World Health Organization grade II gliomas (22), In high−grade malignant astrocytic gliomas, PROX1 is highly expressed (15). Additionally, we screened publicly available clinical data of LowerGrade Glioma (LGG) from The Cancer Genome Atlas (TCGA; www.cancergenome.nih.gov), and found that PROX1 expression levels are significantly increased in glioblastoma tumors (n=516) as compared to healthy tissue (n=698) (Figure 1A). We also performed the Kaplan-Meier analysis in 516 Lower grade glioma patients from TCGA via the R software and revealed that high relative expression of PROX1 is associated with lower survival rates (Figure 1B). These observations are in agreement with the earlier studies that PROX1 acts as a tumor promoter in the pathogenesis of GBM (17).




Figure 1 | PROX1 expression is associated with unfavorable prognosis in LGG Patients. (A) The expression of PROX1 mRNA in lower grade glioma (LGG) from TCGA database. Among them, 516 tumor and 768 non-tumor samples were used for analysis, ***, p<0.001. (B) Survival curve (Kaplan-Meier) of LGG patients with relative high and low expression of PROX1; P < 0.05.







TPL depresses the expression of PROX1

To initially address the effect of TPL on PROX1, we treated the U251 cells with different concentrations of TPL at 0, 50, 100, or 200 nM, and detected both the mRNA and protein levels of PROX1 using qRT-PCR and Western blot. As presented in Figure 2A, 50, 100, or 200 nM TPL treatments significantly reduced the mRNA levels of PROX1, but 20 nM of TPL had no obvious effect on the expression of PROX1. Figure 2B indicates that TPL markedly inhibited the protein levels of PROX1 in a dose-dependent manner. As reported previously, TPL Inhibits the global gene transcription in cancer cells by degradation the RNA polymerase II (Rpb1) (23). Thus, we hypothesized that TPL might transcriptionally depress the expression of PROX1. To confirm this hypothesis, we performed a dual-luciferase reporter assay in U251 cells using the PROX1 promoter plasmid (PROX1-LUC), which cloned ~ 3100bp of the 5’UTR sequence above the PROX1 transcription start site into the pGL3-basic vector. As shown in Figure 2C, 20, 50, or 100 nM TPL treatments obviously depress the luciferase activity of PROX1 promoter. These results indicate that TPL depresses the PROX1 expression.




Figure 2 | TPL transcriptionally depresses the PROX1 expression. (A) U251cells were cultured in 6 wells and treated with 0, 20, 50, 100, 200 or 300 nM TPL for24 h, and then cells were collected for QRT-PCR. ****, p<0.0001; NS, no significant. (B) U251cells were cultured in 6 wells and treated with 0, 50,100, 200 nM TPL for 24 h, and cells were lyzed with RIPA lysis buffer and used for Western blot with PROX1 antibody. **, p<0.01; ***, p<0.001. (C) The luciferase assay:U251cells were cultured in 24 wells and co-transfected with PROX1-LUC (0.25mg) and pRL-TK plasmid for 24 hours. Then cells were suffered to 0,50, 100 or 200 nM TPL treatments for 24 h. the cell were lyzed and the cell lysates were subjected to luciferase assay. ****, p<0.0001.







TPL inhibits the progression of GBM via PROX1

To address the role of TPL in Glioblastoma tumors, we detected the cell viability, apoptosis and growth rate using CCK8 assay, FITC-annexin V/PI staining, and soft agar colony formation assays, respectively. For the CCK8 assay, U251 cells were pre-cultured in 96-well plates and treated with TPL at 0, 50, 100, or 200 nM, then calculate the cell viability at 0, 6, 12, and 24h. As shown in Figure 3A, 50, 100, or 200 nM TPL treatments significantly inhibited the viability of the U251 cells in a dose-dependent manner, and its maximal effect was achieved with 100 nM. The soft agar colony assay showed a great degradation of colony-forming ability following 50 or 100 nM TPL treatments (Figure 3C). Furthermore, we did the apoptosis assay in U251 cells using TPL at 0, 20, 50, or 100 nM with or without puromycin (1.5μg/ml) for 24 h. As shown in Figures 3D, E, only 50, or 100 nM TPL treatments induced the apoptosis rate of U251 cells at 22% or 33%. However, when combined with puromycin, 30, 50, or 100 nM TPL treatments significantly increased the number of cells undergoing apoptosis at 63%, 79% or 93% (Figures 3D, F). Given the critical role of PROX1 in glioma progression and the inhibitory effect of TPL on PROX1 expression, it is possible that PROX1 play an essential role in TPL-mediated glioma inhibition. Then we transfected the U251 cells with PROX1 plasmid for 12 h, and treated with 100 nM TPL for another 24h, then cells were collected for CCK8, apoptosis and soft agar colony assays. And we found that PROX1 partially rescues cell viability (Figure 3B), the apoptosis (Figure 3D) and growth inhibition (Figure 3C) induced by TPL.




Figure 3 | TPL depresses the glioma cell progression via PROX1. (A) CCK8 assay. U251 cells were cultured in 96 wells and treated with 0, 50, 100 or 200 nMTPL for 0, 6, 12, 18 and 24 hours, then cells were harvested to analyze the cell viability via CCK8 kit.**, p<0.01. (B) U251 cells were cultured in 96 wells and transfected with pcDNA3.1-PROX1 plasmid, and then treated with 100 nM TPL for 24 h. Over-expression of PROX1 partially rescues the inhibition of cell viability induced by TPL. Comparing with 0 nM, ***, p<0.001; Comparing with 100 nM, ##, p<0.01 (C) Soft agar assay. U251 cells were cultured in 96 wells and transfected with pcDNA3.1-PROX1 plasmid, and then treated with 0, 50 or 100 nM TPL for 24 h. The cells were then resuspended in a mixer with full media and matri-gel (1:1) and cultured for another 1-2 weeks. Comparing with 0 nM, ****, p<0.0001; Comparing with 100 nM, ##, p<0.01; Scale bar=10mm. (D) Apoptosis assay. U251 cells were cultured in 96 wells and transfected with pcDNA3.1-PROX1 plasmid, and then treated with 0, 30, 50 or 100 nM TPL (upper line) or TPL combined treatment with puromysin (5mg/ml) (lower line) for 24 h. The well treated cells were collected for apoptosis assay using via a flow cytometry. (E) Statistical analysis of apoptosis cells treated with TPL. Comparing with 0 nM, **, p<0.01; Comparing with 100 nM, ###, p<0.001, NS, no significant. (F) Statistical analysis of apoptosis cells treated with TPL and puromysin. Comparing with 0 nM, ****, p<0.0001; Comparing with 100 nM, ####, p<0.0001.







TPL inhibits the proliferation of Glioblastoma

To further confirm the effect of TPL on the growth of glioblastoma, we performed the cell cycle and proliferation assay in U251 cells, respectively. The cell cycle assay revealed that 50 or 100 nM TPL treatments obviously arrest the cell cycle at G1/S phase, and the over-expression of PROX1 could partially abolish the cell cycle arrest of TPL (Figure 4). In addition, the proliferation assay showed that 50 or 100 nM TPL treatments markedly inhibit the proliferation rate (EDU+ cells) of U251 cells, and PROX1 restore the proliferation inhibition induced by TPL (Figure 5).




Figure 4 | TPL inhibits the proliferation of glioma. (A) Cell proliferation assays.U251 cells were cultured in 24 wells and over-expressed PROX1, then treated with 0, 50, or 100 nM TPL. 12 hour later, 10 μM EDU was added and incubated for 12h, and cells were then used for EdU cell proliferation assays, which measure the incorporation of EdU into newly synthesized DNA. The nuclei were stained with DAPI. Scale bar=100μm. (B) Statistical analysis of relative EDU-positive cells. Comparing with 0 nM, **, p<0.01; ****, p<0.0001; Comparing with 100 nM, #, p<0.05.






Figure 5 | TPL arrests the cell cycle of glioma cells in G1/S phase. (A) Representative flow cytometry images of cell cycle assays using U251 cells were similar treated in Figure 4A. (B) Statistical analysis of the relative proportion of G1/S or G2/M in each cell-cycle phase. Comparing with 0 nM, ****, p<0.0001; Comparing with 100 nM, ####, p<0.0001.







TPL inhibits the migration and invasion of GBM

Glioblastoma cells are highly aggressive, which is an important factor contributing to the poor prognosis of GBM (24). Therefore, we investigated the effect of TPL on the invasiveness of U251 cells. For migration assay, U251cells were cultured in 12 wells, and treated with TPL at 0, 50, 100 nM or 100 nM+PROX1 for 24 h, then cells were suffered to wound healing assay and graphed at 0, 6 and 24h. As shown in Figure 6, comparing to control group, 50 or 100 nM TPL significantly depress the migration cells (Figures 6A, B) and migration width (Figures 6A, C) of Glioblastoma cells. However, PROX1 enables the glioma cells to regain the migratory capacity. For transwell assay, the U251cells were prepared with TPL at 0, 50, 100, 200, 300nM or 100 nM+PROX1 for 24h, and cells were harvested, and re-cultured in Matri-gel coated chamber with 200 µL serum-free DMEM, while the lower part were added 500 µL DMEM containing 10% FBS and indicated concentration of TPL for 12h, then stained with crystal, washed with PBS and graphed. The results suggested that 50, 100, 200 or 300nM TPL dramatically reduce the invasive cells, and PROX1 make the U251 cells regain the invasive capacity (Figures 7A, B).




Figure 6 | TPL inhibits the migration of glioma cells. (A) Representative cell migration images of wound healing assays using U251 cells were similar treated in Figure 4A. Scale bar=10mm. (B, C) Statistical analysis of the relative migration cells (B) and migration width (C) via Image J. Comparing with 0 nM, **, p<0.01; ***, p<0.001; ****, p<0.0001; Comparing with 100 nM, ####, p<0.0001.






Figure 7 | TPL inhibits the invasion of glioma cells. (A) Representative invasive images of transwell assays using U251 cells treated with 0, 50, 100, 200, 300 nM,or 100 nM TPL+ PROX1. Scale bar=10mm. (B) Statistical analysis of the relative invasion cells and revealed that TPL significantly inhibits the invasionof U251cells, but PROX1 partially blocks the inhibition. Comparing with 0 nM, ****, p<0.0001; Comparing with 100 nM, ####, p<0.0001.







TPL regulates the expression of the cell function-related genes

PROX1 was reported to promote the GBM progression via inducing the expression of matrix metallopeptidase 9(MMP9), which were the downstream targets of the NF−κB pathway (17). Our previous results have showed that TPL inhibits the cell cycle, proliferation, migration and invasion, and promote apoptosis of glioma cells. Thus, we detected the expression of the cell cycle related genes P21, and the apoptosis associated gene Bax, the invasive gene MMP2 and MMP9. As shown in Figure 8, 50, 100, 200 or 300 nm TPL significantly induced the expression of P21(Figures 8A, C), Bax (Figures 8A, B), and depressed the expression of MMP2 (Figures 8A, D) and MMP9 (Figures 8A, E). In addition, ectopic expression of PROX1 could rescue the effect of TPL on the expression of P21, Bax, MMP2 and MMP9 (Figures 8A–E). Those results suggest that TPL blocks the progression of glioma cells via targeting PROX1.




Figure 8 | TPL regulates the expression of cell function-related genes. (A) U251 cells treated with 0, 50, 100, 200, 300 nM, or 100 nM TPL+ PROX1 for 24h, then the cells were lyzed and cell lysates were used for Western blot with indicated antibodies。(B–E) Statistical analysis of the relative protein level of CCND1, CCNE1, MMP9 and Bax, GAPDH acts as the internal control. Comparing with 0 nM, *, p<0.05; **, p<0.01; ****, p<0.0001; Comparing with 100 nM, ####, p<0.0001.








Discussion

Glioblastoma remains a therapeutic challenge for researchers because of its rapid growth, extensive invasiveness, and poor prognosis after surgical resection, chemotherapy, and radiotherapy. TPL, a major component of the Chinese medicinal herb Tripterygium wilfordii Hook F, was reported to inhibit the growth of some tumors in vivo and in vitro (25). However, the mechanisms underlying the anti-tumor activity of TPL remain to be further explored. The present study revealed that TPL obviously inhibited the glioblastoma U251 cell growth, proliferation, migration, and invasion, but remarkably induced cell apoptosis. Mechanistically, the expression of PROX1 was significantly silenced after TPL treatments in a dose-dependent manner. And the cell cycle, apoptosis, and invasion-related genes regulated by PROX1 respond to TPL treatment. Moreover, over-expression of PROX1 distinctly reversed the TPL- induced inhibition of glioblastoma cell growth, migration, and invasion, as well as enhancement of apoptosis.

Inducing cancer cell apoptosis is considered to be the most effective method for cancer therapy (26). Previous studies have demonstrated the antitumor effects of TPL on glioblastoma (27). TPL was found to have significant inhibition of cell viability in Diffuse intrinsic pontine glioma (DIPG) patient-derived cell lines in vitro and in vivo (28). TPL was also reported to have selective cytotoxicity to patient-derived IDH1-mutated glioma cells (29). In this study, we also found that TPL inhibited the viability and growth rate of U251cells in a dose-dependent manner (Figures 2A, C). Moreover, TPL induced the U251cell apoptosis when the concentration of TPL exceeds 50nM (Figures 2D, E). More interestingly, when combined therapy with puromycin, just 30nM TPL significantly increased the number of cells apoptosis (Figures 2D, F). TPL possesses potent antitumor properties in various cancer cell types but is clinical application is limited due to its toxicity (5). For therapeutic purposes, it gives us a hint that when used in combination with other anti-tumor drugs, TPL can produce anti-tumor effects at a lower concentration with minimal toxicity to normal tissues.

Glioblastoma is characterized by rapid cellular proliferation, aggressive central nervous system invasion, and resistance to all known anticancer drugs (30). TPL have been reported to inhibit the proliferation and migration of numerous cancer cells, like colon cancer cells, medulloblastoma cells, hepatocellular carcinoma cells and neuroblastoma cells (6, 31–33). At present, the proliferation (Figure 4) and cell cycle (Figure 5) of the glioblastoma U251 cells was significantly blocked after TPL treatments. At the same time, the cell cycle inhibitor p21 was significantly increased (Figures 8A, C). Glioblastoma cells possess a high invasiveness potential, which contributing to poor prognosis (34). MMPs, especially MMP-2 and MMP-9, have been shown to be involved in cancer cell migration and invasion. In our study, the relative cell migration (Figure 6), invasion (Figure 7), and both the MMP2 (Figures 8A, D) and MMP9 expressions (Figures 8A, E) were decreased after 50 or 100 nM TPL treatments.

Depending on tumor types, PROX1 fulfills a dual role, acting as a tumor suppressor or tumor promoter. PROX1 is highly expressed and independently identified as the prognostic factor of grade II gliomas (22). From TCGA database, we found that the expression of PROX1 is also increased in LGG patients (Figure 1A), and its highly expression was associated with poor prognosis of survival (Figure 1B). These results suggest that PROX1 might have a pro-tumor effect on glioblastoma cells. This view was verified by Xu et al (17), and reported that PROX1 promoted the GBM cell growth, tumorigenesis, and invasiveness via activating p65 transcriptional activity through phosphorylation of IκBα. From this point of view, PROX1 can be used as a target of glioblastoma. Therefore, to determine the underlying mechanism of the anti-tumor activities of TPL, we examined the effect of TPL on PROX1. The QRT-PCR and Western blot results revealed that TPL depressed the mRNA (Figure 2A) and protein levels (Figure 2B) of PROX1 in a concentration dependent manner. And the luciferase assay showed that TPL blocked the PROX1 promoter activity (Figure 2C). These results suggested that TPL might transcriptionally depress PROX1 expression. Accompanying with the expression of PROX1, the effect of TPL on glioblastoma cell viability, proliferation, apoptosis, migration and invasion was partially attenuated, and on the expression of cell cycle, apoptosis and invasion–related genes were also weakened.

The present study has various limitations. Firstly, all the studies were performed in glioblastoma U251 cell in vitro, additional in vivo studies are required to confirm the antitumor impact of TPL on GBM. Secondly, how PROX1 regulates the expression of cell function-related genes P21, BAX, MMP2 and MMP9 remains to be fully elucidated. Finally, both TPL and PROX1 were reported to affect NF−κB activation, there is a lack of detection of NF−κB activation by PROX1 and TPL in glioblastoma cells.

Taken together, the present study verified that TPL has a tumor-suppressive effect against glioblastoma cells by depressing PROX1 expression. And we proposed that TPL could be an effective therapeutic medicine for glioblastoma treatment.





Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: TCGA-LGG.





Author contributions

CY performed the most experiment and collected and drafted the manuscript. YL Analyzed the data, SL, DL and MH assisted in some experiment. YQ and LL helped to revise the manuscript. WS designed the experiment and drafted the manuscript. XY designed the experiment and super-revised the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the China National Natural Science Foundation young scholar grant (81902860, WS), Guangdong Basic and Applied Basic Research Foundation (No.2021A1515220124, WS), Guangdong Medical Research Fund (No.A2022135, No.A2022056, CY), Zhaoqing Medical College Fund for Young Talent (No.Zqyq22-003, WX; No.Zqyq22-002, CY; No.Zqyq22-008, YL).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Wakimoto, H, Tanaka, S, Curry, WT, Loebel, F, Zhao, D, Tateishi, K, et al. Targetable signaling pathway mutations are associated with malignant phenotype in IDH-mutant gliomas. Clin Cancer Res (2014) 20(11):2898–909. doi: 10.1158/1078-0432.CCR-13-3052

2. Liu, Q, Liu, Y, Li, W, Wang, X, Sawaya, R, Lang, FF, et al. Genetic, epigenetic, and molecular landscapes of multifocal and multicentric glioblastoma. Acta Neuropathol (2015) 130(4):587–97. doi: 10.1007/s00401-015-1470-8

3. Wick, W, Gorlia, T, Bendszus, M, Taphoorn, M, Sahm, F, Harting, I, et al. Lomustine and bevacizumab in progressive glioblastoma. N Engl J Med (2017) 377(20):1954–63. doi: 10.1056/NEJMoa1707358

4. Davis, ME. Glioblastoma: Overview of disease and treatment. Clin J Oncol Nurs (2016) 20(5 Suppl):S2–8. doi: 10.1188/16.CJON.S1.2-8

5. Lin, Y, Peng, N, Li, J, Zhuang, H, and Hua, ZC. Herbal compound triptolide synergistically enhanced antitumor activity of amino-terminal fragment of urokinase. Mol Cancer (2013) 12:54. doi: 10.1186/1476-4598-12-54

6. Jiang, J, Song, X, Yang, J, Lei, K, Ni, Y, Zhou, F, et al. Triptolide inhibits proliferation and migration of human neuroblastoma SH-SY5Y cells by upregulating MicroRNA-181a. Oncol Res (2018) 26(8):1235–43. doi: 10.3727/096504018X15179661552702

7. Sai, K, Li, WY, Chen, YS, Wang, J, Guan, S, Yang, QY, et al. Triptolide synergistically enhances temozolomide-induced apoptosis and potentiates inhibition of NF-kappaB signaling in glioma initiating cells. Am J Chin Med (2014) 42(2):485–503. doi: 10.1142/S0192415X14500323

8. Zinovieva, RD, Duncan, MK, Johnson, TR, Torres, R, Polymeropoulos, MH, and Tomarev, SI. Structure and chromosomal localization of the human homeobox gene prox 1. Genomics (1996) 35(3):517–22. doi: 10.1006/geno.1996.0392

9. Wilting, J, Papoutsi, M, Christ, B, Nicolaides, KH, Kaisenberg von, CS, Borges, J, et al. The transcription factor Prox1 is a marker for lymphatic endothelial cells in normal and diseased human tissues. FASEB J (2002) 16(10):1271–3. doi: 10.1096/fj.01-1010fje

10. Elsir, T, Smits, A, Lindstrom, MS, and Nister, M. Transcription factor PROX1: its role in development and cancer. Cancer Metastasis Rev (2012) 31(3-4):793–805. doi: 10.1007/s10555-012-9390-8

11. Petrova, TV, Nykanen, A, Norrmen, C, Ivanov, KI, Andersson, LC, Haglund, C, et al. Transcription factor PROX1 induces colon cancer progression by promoting the transition from benign to highly dysplastic phenotype. Cancer Cell (2008) 13(5):407–19. doi: 10.1016/j.ccr.2008.02.020

12. Dudas, J, Elmaouhoub, A, Mansuroglu, T, Batusic, D, Tron, K, Saile, B, et al. Prospero-related homeobox 1 (Prox1) is a stable hepatocyte marker during liver development, injury and regeneration, and is absent from "oval cells". Histochem Cell Biol (2006) 126(5):549–62. doi: 10.1007/s00418-006-0191-4

13. Akagami, M, Kawada, K, Kubo, H, Kawada, M, Takahashi, M, Kaganoi, J, et al. Transcriptional factor Prox1 plays an essential role in the antiproliferative action of interferon-gamma in esophageal cancer cells. Ann Surg Oncol (2011) 18(13):3868–77. doi: 10.1245/s10434-011-1683-6

14. Jin, Y, Weng, Y, Wang, Y, Lin, J, Deng, X, Shen, B, et al. miR-934 as a prognostic marker facilitates cell proliferation and migration of pancreatic tumor by targeting PROX1. OncoTargets Ther (2020) 13:3389–99. doi: 10.2147/OTT.S249662

15. Elsir, T, Eriksson, A, Orrego, A, Lindstrom, MS, and Nister, M. Expression of PROX1 is a common feature of high-grade malignant astrocytic gliomas. J Neuropathol Exp Neurol (2010) 69(2):129–38. doi: 10.1097/NEN.0b013e3181ca4767

16. Roodakker, KR, Elsir, T, Edqvist, PD, Hagerstrand, D, Carlson, J, Lysiak, M, et al. PROX1 is a novel pathway-specific prognostic biomarker for high-grade astrocytomas; results from independent glioblastoma cohorts stratified by age and IDH mutation status. Oncotarget (2016) 7(45):72431–42. doi: 10.18632/oncotarget.11957

17. Xu, X, Wan, X, and Wei, X. PROX1 promotes human glioblastoma cell proliferation and invasion via activation of the nuclear factor-kappaB signaling pathway. Mol Med Rep (2017) 15(2):963–8. doi: 10.3892/mmr.2016.6075

18. Yuan, C, Su, Z, Liao, S, Li, D, Zhou, Z, Wang, Y, et al. miR-198 inhibits the progression of renal cell carcinoma by targeting BIRC5. Cancer Cell Int (2021) 21(1):390. doi: 10.1186/s12935-021-02092-7

19. Si, W, Xie, W, Deng, W, Xiao, Y, Karnik, SS, Xu, C, et al. Angiotensin II increases angiogenesis by NF-kappaB-mediated transcriptional activation of angiogenic factor AGGF1. FASEB J (2018) 32(9):5051–62. doi: 10.1096/fj.201701543RR

20. Zhou, B, Si, W, Su, Z, Deng, W, Tu, X, and Wang, Q. Transcriptional activation of the Prox1 gene by HIF-1alpha and HIF-2alpha in response to hypoxia. FEBS Lett (2013) 587(6):724–31. doi: 10.1016/j.febslet.2013.01.053

21. Si, W, Zhou, B, Xie, W, Li, H, Li, K, Li, S, et al. Angiogenic factor AGGF1 acts as a tumor suppressor by modulating p53 post-transcriptional modifications and stability via MDM2. Cancer Lett (2021) 497:28–40. doi: 10.1016/j.canlet.2020.10.014

22. Elsir, T, Qu, M, Berntsson, SG, Orrego, A, Olofsson, T, Lindstrom, MS, et al. PROX1 is a predictor of survival for gliomas WHO grade II. Br J Cancer (2011) 104(11):1747–54. doi: 10.1038/bjc.2011.162

23. Titov, DV, Gilman, B, He, QL, Bhat, S, Low, WK, Dang, Y, et al. XPB, a subunit of TFIIH, is a target of the natural product triptolide. Nat Chem Biol (2011) 7(3):182–8. doi: 10.1038/nchembio.522

24. Han, S, Xia, J, Qin, X, Han, S, and Wu, A. Phosphorylated SATB1 is associated with the progression and prognosis of glioma. Cell Death Dis (2013) 4:e901. doi: 10.1038/cddis.2013.433

25. Noel, P, von Hoff, DD, Saluja, AK, Velagapudi, M, Borazanci, E, and Han, H. Triptolide and its derivatives as cancer therapies. Trends Pharmacol Sci (2019) 40(5):327–41. doi: 10.1016/j.tips.2019.03.002

26. Carneiro, BA, and El-Deiry, WS. Targeting apoptosis in cancer therapy. Nat Rev Clin Oncol (2020) 17(7):395–417. doi: 10.1038/s41571-020-0341-y

27. Lin, J, Chen, LY, Lin, ZX, and Zhao, ML. The effect of triptolide on apoptosis of glioblastoma multiforme (GBM) cells. J Int Med Res (2007) 35(5):637–43. doi: 10.1177/147323000703500508

28. Zhao, G, Newbury, P, Ishi, Y, Chekalin, E, Zeng, B, Glicksberg, BS, et al. Reversal of cancer gene expression identifies repurposed drugs for diffuse intrinsic pontine glioma. Acta Neuropathol Commun (2022) 10(1):150. doi: 10.1186/s40478-022-01463-z

29. Yu, D, Liu, Y, Zhou, Y, Ruiz-Rodado, V, Larion, M, Xu, G, et al. Triptolide suppresses IDH1-mutated malignancy via Nrf2-driven glutathione metabolism. Proc Natl Acad Sci U.S.A. (2020) 117(18):9964–72. doi: 10.1073/pnas.1913633117

30. Lefranc, F, Le Rhun, E, Kiss, R, and Weller, M. Glioblastoma quo vadis: Will migration and invasiveness reemerge as therapeutic targets? Cancer Treat Rev (2018) 68:145–54. doi: 10.1016/j.ctrv.2018.06.017

31. Yalikong, A, Li, XQ, Zhou, PH, Qi, ZP, Li, B, Cai, SL, et al. A triptolide loaded HER2-targeted nano-drug delivery system significantly suppressed the proliferation of HER2-positive and BRAF mutant colon cancer. Int J Nanomedicine (2021) 16:2323–35. doi: 10.2147/IJN.S287732

32. Zhang, H, Li, H, Liu, Z, Ge, A, Guo, E, Liu, S, et al. Triptolide inhibits the proliferation and migration of medulloblastoma daoy cells by upregulation of microRNA-138. J Cell Biochem (2018) 119(12):9866–77. doi: 10.1002/jcb.27307

33. Zheng, Y, Kong, F, Liu, S, Liu, X, Pei, D, and Miao, X. Membrane protein-chimeric liposome-mediated delivery of triptolide for targeted hepatocellular carcinoma therapy. Drug Delivery (2021) 28(1):2033–43. doi: 10.1080/10717544.2021.1983072

34. Lah, TT, Novak, M, and Breznik, B. Brain malignancies: Glioblastoma and brain metastases. Semin Cancer Biol (2020) 60:262–73. doi: 10.1016/j.semcancer.2019.10.010




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Yuan, Liao, Liao, Huang, Li, Wu, Quan, Li, Yu and Si. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1077640-g007.jpg
oy AL
Eyove
{g : "% 2 2 200
g ©
3]
c
s 1500
1)
g 1000
£
3 w0
=
©
° K itk k.
'3

0
TPL 0 50 100 200 300 100 nM
+PROX1






OEBPS/Images/fonc-13-1077640-g002.jpg
PROX1 mRNA level

TPL © 20 50 100 200 300 NnM

TPL(NM) 0 50 100 200

TPL 0 50 100 200 nM

PROX1/ACTB
1

B
o

w
o

*kk*

N
o

(PROX1-LUC)

Relative luciferase assay
-

TPL O 50 100 200 nMm





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Triptolide inhibits the progression of Glioblastoma U251 cells via targeting PROX1

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Cell culture

          



          		

            Drugs and regents

          



          		

            qRT-PCR assay

          



          		

            Western blot assay

          



          		

            Luciferase assay

          



          		

            CCK8 assay

          



          		

            Cell cycle assay

          



          		

            Apoptosis assay

          



          		

            Wound healing assay

          



          		

            Transwell migration assay

          



          		

            Proliferation assay

          



          		

            Soft agar colony formation assay

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            PROX1 expression is associated with poor prognosis in glioblastoma patients

          



          		

            TPL depresses the expression of PROX1

          



          		

            TPL inhibits the progression of GBM via PROX1

          



          		

            TPL inhibits the proliferation of Glioblastoma

          



          		

            TPL inhibits the migration and invasion of GBM

          



          		

            TPL regulates the expression of the cell function-related genes

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-1077640-g005.jpg
0 nM 50 nM 100 nM ~ 100 nM+PROX1
=7 G1=83.13% G1=83.07% G1=86.65% | 8] G1=81.22%
$=3.96% g §=9.85% g $=6.08% $=4.95%
H G2=11.28% G2=5.40% G2=4.96% G2=11.98%
S g . 2
8]
B - - o . B
o 500 ] 500 o 500 o 500
PE-A (x10%) PE-A (x10%) PE-A (x10%) PE-A (x10%)
S s s s
& 8 8 5
) et = %
o o g Eg
8 8 8 8 .
P2(36.33%) P2(23.24%) P2(10.73%) P2(34.47%)
8 8 & g
= e L8 @
g ¢ ¢ g :
S. =3 =3 o :
g g g g
& & & &
0700 46 6bo B30 B diae" 2acpe - raae R R T T °0 200 406 600 800
PE-A (x10%) PE-A (x10%) PE-A (x10¢ PE-A (x10%)
dkkk kkkk
) B 0nM
o
= B 50 nm
c
3 I 100 nM
[o}
(3] Il 100 nM+PROX1
2
1%
>
&)
v
o

G1/S

G2/M





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2023.1077640_cover.jpg
& frontiers | Frontiers in Oncology

Triptolide inhibits the progression of
Glioblastoma U251 cells via targeting
PROX1





OEBPS/Images/fonc-13-1077640-g006.jpg
TPL OnM TPL 50nM TPL 100nM  TPL100nM+PROX1

C

Relative migration width

' #
p *hK ks
- -

PL 0 50 100 100 nM
+PROX1

Relative migration cells






OEBPS/Images/fonc-13-1077640-g003.jpg
Pl

Puro

Cell viability

- TPL 100nM 100 nM+PROX1
- ol Ty g
~ oM CTRL PROX1 1 -
- 20 PROX1 ’ ST
10 3 o
< ——— i
L H
as- 5 =

o
TRLOM) O 100 100+PROX1 TLO 5 10 100
+PROKI

TPL 0nM 50 nM 100 nM+ PRXO1 1 ol
1.02% 267% | | 09% 3.02% 7.60% 49 T
B - * 4 30

NS ntt

ED

30 50 100 100 nM
+PROX1

0.23% 39.15%| 1 0.11% 42.53%| | 0.53% 40.96%

21.00% 39.62% || 6.62% 50.74%| | 35.92%

Apoptosis cells %
5

TPL O 30 50 100 100nM

= Annexin V-FITC +PROX1





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1077640-g001.jpg
A TCGA-LGG

C ] = Low PROXI Expression
— == High PROX1 Expression
- = Q]
5 5 S
£o g
5L A g
::E ©
o (]
1= >
%N oo
58 25
& 2
2 S N
= O g
© 1 Wre122.p=0036
o

T T T T
0 20 40 60 80 100 120
Time to Follow-Up (months)






OEBPS/Images/fonc-13-1077640-g004.jpg
0

(4]
o

o






OEBPS/Images/fonc-13-1077640-g008.jpg
A
TPL(nM)

Bax

P21

MMP2

MMP9

GAPDH

PROX1
0 50 100 200 300 100

= - -
EF=E=="w

2.

°

o

°
o

Bax/GAPDH

EE

0 50 100 200 300 100 nM
+PROX1

o

o »

°
o

AAR Ar i
xn

MMP2/GAPDH

s
=8

0 50 100 200 300 100 nM
+PROX1

P21/GAPDH
° =

EE

m

MMP9/GAPDH
o g  vof

S

0

0

HRRE phkk

50 100 200 300 100 nM

50

+PROX1

100 200 300 100 nM
+PROX1





