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Abstract

:

Pancreatic cancer has a high mortality rate due to poor rates of early diagnosis. One tumor suppressor gene in particular, p53, is frequently mutated in pancreatic cancer, and mutations in p53 can inactivate normal wild type p53 activity and increase expression of transcription factor forkhead box M1 (FoxM1). Overexpression of FoxM1 accelerates cellular proliferation and cancer progression. Therefore, inhibition of FoxM1 represents a therapeutic strategy for treating pancreatic cancer. Broussoflavonol B (BF-B), isolated from the stem bark of Broussonetia kazinoki Siebold has previously been shown to inhibit the growth of breast cancer cells. This study aimed to investigate whether BF-B exhibits anti-pancreatic cancer activity and if so, identify the underlying mechanism. BF-B reduced cell proliferation, induced cell cycle arrest, and inhibited cell migration and invasion of human pancreatic cancer PANC-1 cells (p53 mutated). Interestingly, BF-B down-regulated FoxM1 expression at both the mRNA and protein level. It also suppressed the expression of FoxM1 downstream target genes, such as cyclin D1, cyclin B1, and survivin. Cell cycle analysis showed that BF-B induced the arrest of G0/G1 phase. BF-B reduced the phosphorylation of extracellular signal-regulated kinase ½ (ERK½) and expression of ERK½ downstream effector c-Myc, which regulates cell proliferation. Furthermore, BF-B inhibited cell migration and invasion, which are downstream functional properties of FoxM1. These results suggested that BF-B could repress pancreatic cancer cell proliferation by inactivation of the ERK/c-Myc/FoxM1 signaling pathway. Broussoflavonol B from Broussonetia kazinoki Siebold may represent a novel chemo-therapeutic agent for pancreatic cancer.






Keywords:


pancreatic cancer; Broussoflavonol B; Broussonetia kazinoki Siebold; FoxM1












1. Introduction


Pancreatic cancer is one of the most lethal human malignancies with a five-year survival rate of around 9% [1]. Because of the absence of characteristic symptoms, early diagnosis is rare and metastasis rates are high, resulting in poor survival. In the last few decades, Gemcitabine and 5-Fluorouracil (5-FU) have been the most commonly used chemotherapeutic agents for pancreatic cancer, but overall the therapeutic efficacy is not satisfactory [2]. Therefore, an urgent need exists to develop new drugs for treating pancreatic cancer.



Approximately 70% of pancreatic cancers have p53 gene mutations [3,4] and most p53 mutations directly disrupt the protein’s DNA-binding activity [5]. Inactivation of wild-type p53 by loss or mutation of the p53 gene leads to chemotherapy resistance, reduces metabolic regulation, and increases metastasis [6]. In addition, expression of FoxM1 increases after p53 mutation or deletion [7,8]. FoxM1 is an oncogenic transcription factor that plays important roles in the initiation, progression, metastasis, and drug resistance of a variety of human tumors, including pancreatic cancer [9,10]. FoxM1 is a critical cell cycle regulator of both the G1/S and G2/M transitions and functions by regulating transcription of cell cycle genes [11]. Previous studies showed that FoxM1 is highly expressed in multiple human cancers such as glioblastoma [12], breast cancer [13], and colorectal cancer [14]. Therefore, effective inhibition of FoxM1 could contribute to reduced tumorigenesis and cancer progression.



Broussonetia kazinoki Siebold (paper mulberry, Moraceae) is distributed throughout the world including in East Asia and the Pacific Islands. Since ancient times, it has been used to treat various ailments and its properties have been thought to strengthen the liver and kidneys, nourish the eyes, and treat edema [15]. The bioactive substances in this plant have been reported to have anti-inflammatory [16], anticancer [17], and anti-melanogenic activity [18]. Broussoflavonol B (5,7,3′,4′-tetrahydroxy-3-methoxy-6,8-diprenylflavone (BF-B)) (Figure 1) isolated from stem bark of Broussonstia kazinoki Siebold, was reported to exert anti-inflammatory [19], anti-breast cancer [20,21], and cholinesterase inhibitory activities [22]. In the present study, anti-pancreatic cancer activity of BF-B was demonstrated through down-regulating FoxM1 that is responsible for tumorigenesis and invasion of p53 mutated cancers.




2. Results


2.1. BF-B Reduces Viability of Human Pancreatic Cancer PANC-1 Cells


Several prenylated flavonoids from medicinal plants were reported to exhibit cytotoxic activity on different cancer cell types [23,24], and a metabolite of flavonoids was recently suggested as the regulator of cyclin dependent kinase [25]. To determine the effect of BF-B on cell viability of pancreatic cancer cell, the cytotoxic effects were measured by 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) assay. As shown in Figure 2, BF-B significantly inhibited the viability of PANC-1 cells in a dose-dependent manner. The 50% inhibitory concentration of cell viability (IC50) of BF-B for 1, 2, and 3 days of treatment were 43, 20.4, and 11.2 μM, respectively. These results show that BF-B reduced proliferation of pancreatic cancer cells.




2.2. BF-B Inhibits FoxM1 Expression


In pancreatic cancer, FoxM1 was reported to play an important role in cell growth and proliferation [9], and to show particularly high expression in p53 mutated tumors [26]. Accordingly, the expression pattern of FoxM1 was compared between a p53 wild-type (Capan-2) and a p53 mutated (PANC-1) pancreatic cancer cell line (Figure 3a). The expression level of FoxM1 in PANC-1 cells was 1.7 times higher than in Capan-2 cells.



To investigate the inhibitory effect of BF-B on FoxM1 expression, PANC-1 cells were exposed to BF-B. BF-B time-dependently decreased the expression of FoxM1 at both mRNA and protein levels (Figure 3b). BF-B treatment for 24 h significantly suppressed the expression of FoxM1 protein in a dose-dependent manner (Figure 3c). These results indicate that BF-B inhibits the expression of FoxM1 and this activity might be responsible for inhibiting the cell growth of pancreatic cancer cells.




2.3. BF-B Induces G0/G1 Arrest through Down-Regulating FoxM1 Target Genes


FoxM1 is known to regulate transcription of cell proliferation associated proteins, such as cyclin B, cyclin D, cyclin A, Cdk2, p21, p27, Cdc25, and survivin [27,28,29,30]. To further investigate the regulatory effect of BF-B on FoxM1, the expression of downstream FoxM1 target genes was evaluated. BF-B dose-dependently repressed the expression of cyclin D1, cyclin B1, and survivin (Figure 4a,b).



To determine the effects on cell cycle distribution, PANC-1 cells were stained with propidium iodide (PI). BF-B significantly increased the population of cells in G0/G1 phase of the cell cycle from 53% (control) to 68.3% after treatment with 20 μM for 24 h (Figure 4c,d). These data reveal that BF-B induces G0/G1 phase arrest and suppresses the proliferation of PANC-1 cells through down-regulating FoxM1 target genes.




2.4. BF-B Inhibits Cell Migration and Invasion of Pancreatic Cancer Cells


FoxM1 regulates cell migration and invasion of pancreatic cancer cells [27]. To assess whether BF-B influences the migration and invasion of PANC-1 cells, wound healing and invasion assays was performed. In terms of wound healing, treatment with BF-B, 10 and 20 µM for 20 h, reduced the healing rate by 33.5% and 18%, respectively, compared with 0 h control group (Figure 5a,b). Consistent with the results of the wound healing assay, BF-B reduced the cell migration and invasion in assays using noncoated and matrigel-coated chambers. BF-B treatment (10 and 20 µM, 20 h) reduced cell migration by 61.2%and 28.9%, and reduced the number of cells invading into the lower chambers by 49% and 25.1%, respectively (Figure 5c,d).



MMP-2 has been reported to play critical roles in cancer invasion and metastasis [31]. To identify the effect of BF-B on MMP-2 expression, PANC-1 cells treated with various concentrations of (0, 2, 10, and 20 μM) of BF-B for 20 h. As shown in Figure 5e, BF-B dose-dependently decreased the expression of MMP-2 at both mRNA and protein levels.



To investigate further the underlying mechanisms behind BF-B-mediated anti-invasive and anti-migratory activity in PANC-1 cells, the expression of ERK was examined by Western blot analysis. ERK pathway is an important regulator of cancer development and progression [32]. As shown in Figure 5f, BF-B suppressed the phosphorylation of ERK as well as the expression of its target gene, c-Myc in PANC-1 cells, in a dose-dependent manner. These results demonstrate that BF-B inhibits migration and invasion of pancreatic cancer cells through downregulating ERK signaling pathways.





3. Discussion


Broussoflavonol B purified from Broussonetia kazinoki Siebold was reported to be cytotoxic against breast cancer cells. In estrogen receptor (ER)-positive breast cancer MCF7 cells, BF-B inhibited cell growth through down-regulation of ER-α36 expression. ER-α36, a variant of ER-α, was known to correlate with carcinogenesis, aggressiveness, and therapeutic resistance of breast cancer [33]. BF-B also inhibited growth of ER-negative breast cancer MDA-MB-231 cells through downregulation of ER-α36 and induction of the G0/G1 and G2/M phase arrest [21]. However, there are no reports on any anti-pancreatic cancer activity of BF-B. Therefore, the anticancer effect of BF-B on human pancreatic cancer cells was investigated, and the underlying mechanism was explored, specifically focused on FoxM1 inhibition.



The effect of BF-B on the proliferation of PANC-1 and Capan-2 cells was compared using MTT assay. BF-B inhibited proliferation of both cells in a dose and time dependent manners, though the effect on PANC-1 cells was slightly higher than Capan-2 cells (Figure S1a). p53, one of the most frequently mutated genes in cancer, is mutated in about 70% of pancreatic cancers [34]. When mutated, cell cycle regulation is disrupted resulting in abnormal cell proliferation [35]. As a proliferation-associated transcription factor, forkhead box M1 (FoxM1) has an essential role in cell cycle progression. Expression of FoxM1 is up-regulated in p53 mutated cancers [26], and conversely can be repressed by p53 activation [8]. Loss of FoxM1 expression in pancreatic cancer suppresses cancer progression and metastasis in vitro and in vivo [36]. The proliferation rate of PANC-1 cells was about four-times higher than Capan-2 cells (Figure S1b). The doubling time of PANC-1 and Capan-2 cells was reported as 52 h [37] and 96 h [38], respectively. Capan-2 has wild-type p53, while PANC-1 has mutant p53 that leads to the high expression of FoxM1. The expression level of FoxM1 in PANC-1 cells was 1.7-times higher than that of Capan-2 cells (Figure 3a), which could be responsible for the higher proliferation rate of PANC-1 cells. FoxM1 plays important roles in tumorigenesis, proliferation, and therapeutic resistance, especially in p53-mutated cancers like PANC-1 cells. Accordingly, PANC-1 cells were used to study the anti-pancreatic cancer activity of BF-B, as an inhibitor of FoxM1 expression. Meanwhile, both PANC-1 and Capan-2 cells have K-ras mutation in common [39]. So, K-ras might be another target of BF-B for its anti- cancer activity. BF-B did not show any cytotoxicity on normal colon cells (CCD-18Co) (Figure S2).



FoxM1 has been shown to be down-regulated by several phytochemicals, including genestein [28], diarylheptanoids [40] and Z-ajoene [41]. These observations suggest that inhibition of FoxM1 is a potentially useful strategy for cancer therapy especially in p53 mutated cancers. Accordingly, we have tried to discover FoxM1 inhibitor from medicinal plants as anti-cancer agents.



The results revealed that BF-B significantly attenuated cancer cell growth and viability. Furthermore, BF-B suppressed the expression of FoxM1 and its target genes such as cyclin D1, cyclin B1 and survivin, resulting in cell cycle arrest in G0/G1 phase of PANC-1 cells.



Cell migration and invasion are important processes in tumor metastasis and FoxM1 is known to control these processes [9]. In pancreatic cancer cells, down-regulation of FoxM1 reduced the expression of MMP-2 and MMP-9, resulting in the inhibition of migration and invasion [27]. FoxM1 directly regulates the expression of MMP-2 at the transcriptional level to promote glioma progression [42]. As shown in Figure 5, BF-B not only reduced the migration and invasion of PANC-1 cells, but also significantly inhibited the expression of MMP-2 at both mRNA and protein levels.



The ERK signaling pathway is a prototypic mitogen-activated protein kinase (MAPK) signaling cascade that is critical in cell motility, although it is classically known as an important regulator of cell proliferation, differentiation, and survival. ERK signaling is activated in response to growth factors and the extracellular matrix (ECM) to increase proliferation of tumor cells [43]. Mutant p53 promotes a sustained EGF-induced ERK½ activation, thereby facilitating cell proliferation and tumorigenesis [44]. Elevated FoxM1 expression is triggered by the constitutive activation of ERK, which leads to enhanced cell motility in ovarian cancer [45]. BF-B significantly suppressed phosphorylated-ERK and its target gene, c-Myc which is critical in controlling cell proliferation. c-Myc is known to regulate the expression of FoxM1 by binding to its promoter region in prostate cancer [46].



In summary, broussoflavonol B from Broussonetia kazinoki Siebold is an active compound with anti-pancreatic cancer effect. It suppressed the expression of FoxM1 and its target genes to induce G0/G1 phase arrest in p53 mutant PANC-1 cells. BF-B also inhibited cell migration and invasion through reducing ERK activity and MMP-2 expression in PANC-1 cells. Thus, these results suggest that broussoflavonol B may possess potential as a novel chemo-preventative agent against pancreatic cancer.




4. Materials and Methods


4.1. Extraction and Isolation


The dried stem bark of Broussonetia kazinoki Siebold (2 kg) was extracted with 70% ethanol with reflux for 2 h and evaporated to generate extracts. The concentrated extracts (90 g) were suspended in water and partitioned with ethyl acetate. The ethyl acetate soluble fraction (20 g) was chromatographed over silica gel column with n-hexane/ethyl acetate gradient elution (50:1→1:1, v/v) to obtain 15 fractions. Subsequently, fraction 9 (503 mg) was subjected to column chromatography on silica gel eluting with methylene chloride/methanol (100:1→1:5, v/v) to give 10 fractions. Subfraction F9-3 (170 mg) was further separated on a RP-C18 column with a gradient elution of acetonitrile (40%→100%) to yield broussoflavonol B (34 mg). The structure of broussoflavonol B was identified by spectroscopic analyses of NMR (Varian INOVA 400 MHz, Varian Inc., Palo Alto, CA, USA), Mass (Agilent 6530 Q-TOF mass spectrometer, Agilent, Santa Clara, CA, USA) and IR (FT/IR-430, Jasco Inc., Tokyo, Japan) [47].




4.2. Cell Culture


PANC-1 cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Gran Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; TCB, Tulare, CA, USA), 100 U/mL penicillin and 10 μg/mL streptomycin. Capan-2 cells were kindly provided by Prof. Yong-Yeon Cho, The Catholic University of Korea (Bucheon-si, Korea) and cultured in RMPI1640 (Corning Inc., Corning, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; TCB, Tulare, CA, USA), 100 U/mL penicillin and 10 μg/mL streptomycin. All cells were maintained in a humidified atmosphere with 5% CO2 at 37 °C.




4.3. MTT Assay


Cells were seeded into 96 well plates at 2 × 103 cells/well, allowed to adhere overnight and incubated with various concentrations of BF-B for 1–3 days. After treatment, MTT solution (0.5 mg/mL) was added and incubated for 2 h at 37 °C. Then, 100 μL DMSO was added to each well, and the plate was put on a shaker for 5 min. Absorbance were measured at 540 nm with a microplate reader (Molecular Devices, Sunnyvale, CA, USA) [48].




4.4. RT-PCR


Total RNA from cultured cells was extracted using TRIzol™ Reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions. First-stand cDNA was synthesized using LabopassTM cDNA synthesis kit (Cosmogenetech, Seoul, Korea) and amplified using a PCR thermal cycler (GeneAmp PCR System 2700, Applied Biosystems, Foster City, CA, USA). The amplified DNA was separated on 2% agarose gels and stained with ethidium bromide. Primers used in this study were as follows: FoxM1: forward, 5′—ATGGCAAAT TTTTCGCTCC—3′, and reverse, 5′—ATGTCACCAGAAATTCCCAGTT—3′; MMP-2: forward, 5′—CACTTTCCTGGGCAACAAAT—3′, and reverse, 5′—TGATGTCATCCTGGGACAGA—3′; β-actin: forward, 5′—AAGGGACTTCCTGTAACAACG—3′, and reverse, 5′—AGGATGCAGAAGGAGATCACT—3′.




4.5. Western Blot


Total cell lysates were prepared using RIPA buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate and protease inhibitor cocktail). Clear protein extracts were obtained by centrifugation at 15,000 rpm at 4 °C for 30 min. The protein concentration was determined by bicinchoninic acid (BCA™)-based protein assay (Thermo Scientific, Rockford, IL, USA). Equal amounts of lysates (20 μg protein/lane) were subjected to 8–12% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membrane (GE Healthcare, Chicago, IL, USA). PVDF membranes were blocked with 5% nonfat dry milk for 1 h at room temperature and incubated with primary antibodies against FoxM1 (A301–533A, Bethyl Laboratories, Montgomery, TX, USA), cyclin D1, cyclin B1, survivin, phosphorylated extracellular signal-regulated kinase (p-ERK), total ERK, c-Myc (#2922, #4138, #2808, #9101, #9102, #9402, Cell Signaling Technology, Danvers, MA, USA), MMP-2 (sc-10736, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and β-actin (A2066, Sigma Aldrich, St. Louis, MO, USA) overnight at 4 °C. This was followed by incubation for 2 h at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibody (1:10,000 dilution). β-actin was used to normalize protein loading. The membranes were detected using ECL detection system (GE Healthcare, Chicago, IL, USA) and analyzed by Image J software (NIH, Bethesda, MD, USA).




4.6. Cell Cycle Analysis


PANC-1 cells were treated with 20 μM BF-B for 24 h, harvested, washed with cold PBS, and fixed with 70% ethanol at 4 °C overnight. Cell pellets were resuspended in PBS and incubated with RNase A solution for 1 h at 37 °C. Propidium iodide (PI) was added to cells and incubated at 4 °C for 20 min. Cells (10,000) were analyzed using a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA). The results were analyzed with BD CellQues™ Pro software (version 6.0, BD Biosciences, San Jose, CA, USA).




4.7. Wound Healing Assay


PANC-1 cells were seeded in 6-well plates and incubated until 90% confluent. Wounds were created with a pipette tip and then cells were washed with PBS. Medium containing BF-B was added to the cells and incubated for 24 h. The scraped wound areas were observed and photographed under a microscope (Olympus, Tokyo, Japan) at 0 and 20 h. The wound distance was measured using Image-J software (NIH, Bethesda, MD, USA). The relative wound healing rate (%) were calculated according to the formula 1 − [D20]/[D0], with [D20] and [D0] being the gap distance at 20 and 0 h, respectively [49].




4.8. Transwell Migration and Invasion Assays


BD BioCoatTM MatrigelTM Invasion Chamber (BD Bioscience, San Jose, CA, USA) was used to study cell migration and invasion. The transwell chamber system was used directly for cell migration, while matrigel coated chambers (BD Biosciences, San Jose, CA, USA) were used for cell invasion. Cells treated with BF-B (50,000 in 200 μL of serum free medium) were added to each insert, while 750 μL of serum-containing medium was added to each lower chamber. Plates were incubated at 37 °C for 20 h with 5% CO2 to allow the cells to pass through the pores on the membrane. Afterward, remaining cell suspension was removed and the inserts were fixed in formaldehyde solution (3.7% in PBS) and stained with 0.1% crystal violet for 15 min. The stained cells were photographed and counted under a microscope (Olympus, Tokyo, Japan) at 100× magnification [50,51].




4.9. Statistical Analysis


The Student’s t-test was used to compare means between control and experimental groups. All experiments were performed three times. Results are expressed as the mean ± standard deviation (S.D.). p values < 0.01 were considered statistically significant.









Supplementary Materials


The following are available online. Figure S1: Effects of BF-B on proliferation of Capanc-2 and PANC-1 human pancreatic cancer cells. (a) Cells were treated with BF-B at the indicated concentrations for 24 h and 72 h. (b) Cells were treated with BF B at the indicated concentrations for 72 h. Cell viability was determined by MTT assay. Values are presented as mean ± S.D. * p < 0.01, ** p < 0.001 as compared to the respective control of Capan-2 cells. Figure S2: Effects of BF-B on proliferation of CCD-18Co normal colon cells.
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Figure 1. The chemical structure of 5,7,3′,4′-tetrahydroxy-3-methoxy-6,8-diprenylflavone (BF-B). 
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Figure 2. Effect of BF-B on growth of PANC-1 cells. PANC-1 cells were treated with BF-B at 0, 5, 10, 20, 50, and 100 µM, for 24, 48, or 72 h, and cell viability was assessed by MTT assay. All data are expressed as means ± SD of three experiments and each experiment included triplicate repeats. * p < 0.01 and ** p < 0.001 as compared to vehicle control. 






Figure 2. Effect of BF-B on growth of PANC-1 cells. PANC-1 cells were treated with BF-B at 0, 5, 10, 20, 50, and 100 µM, for 24, 48, or 72 h, and cell viability was assessed by MTT assay. All data are expressed as means ± SD of three experiments and each experiment included triplicate repeats. * p < 0.01 and ** p < 0.001 as compared to vehicle control.



[image: Molecules 25 02328 g002]







[image: Molecules 25 02328 g003 550] 





Figure 3. Inhibition of FoxM1 expression by BF-B. (a) Human pancreatic cancer cells (Capan-2 and PANC-1) were treated with 20 µM BF-B for 24 h. The level of FoxM1 was determined by Western blotting. ** p < 0.001 (b) PANC-1 cells were treated with 20 µM BF-B for the indicated times. FoxM1 mRNA was detected by real-time RT-PCR and the FoxM1 protein was detected by Western blotting. * p < 0.01 and ** p < 0.001 as compared to control. (c) PANC-1 cells were treated with the indicated concentrations of BF-B for 24 h. FoxM1 protein was detected by Western blotting. The images are representative of three independent experiments with similar results. All data are expressed as means ± SD of three experiments and each experiment included triplicate repeats. ** p < 0.001 as compared to control. 
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Figure 4. Effect of BF-B on FoxM1 target gene expression and cell cycle phase distribution in PANC-1 cells. (a) PANC-1 cells were treated with the indicated concentrations of BF-B for 24 h, and protein levels of cyclin D1, cyclin B1, and survivin were detected by Western blotting and (b) each protein levels were quantified using Image J software. ** p < 0.001 as compared to control. (c) PANC-1 cells were treated with 20 µM of BF-B for 24 h. Cell cycle distribution was assessed by flow cytometric analysis. (d) The cell population in each stage of the cell cycle was determined using BD CellQuest Pro software. All data are expressed as means ± SD of three experiments and each experiment included triplicate repeats. ** p < 0.001 as compared to control of each group. 
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Figure 5. Effect of BF-B on migration and invasion of PANC-1 cells. (a,b) PANC-1 cells were treated with BF-B at the indicated concentrations for 20 h, and then subjected to wound healing migration assay. The wound distance was measured at 0 and 20 h to calculate healing rate as explained in methods. ** p < 0.001 as compared to control. (c,d) Cells were treated with BF-B at the indicated concentrations for 20 h, and then subjected to transwell migration and invasion assay. Transmigrated and invaded cells were counted from the five photographed fields in each group. * p < 0.01 and ** p < 0.001 as compared to control. (e,f) PANC-1 cells were treated with BF-B at the indicated concentrations for 20 h. The level of MMP-2 mRNA was evaluated by real-time PCR and level of MMP-2, phospho ERK½, ERK½, and c-Myc were detected by Western blotting. Images are representative of three independent experiments with similar results. * p < 0.01 and ** p < 0.001 as compared to control. 
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