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Pancreatic cancer cell epithelial-to-mesenchymal transition (EMT) is an important contributor to cell invasion and tumor progression. Therefore, targeting EMT may be beneficial for pancreatic cancer treatment. The aim of the present study was to report on the inhibitory effect of the novel compound C150 on the EMT of pancreatic cancer cells. C150 inhibited cell proliferation in multiple pancreatic cancer cells with IC50 values of 1-2.5 μM, while in an non-cancerous pancreatic epithelial cell line hTERT-HPNE the IC50 value was >12.5 μM. C150 significantly inhibited pancreatic cancer cell migration and invasion, as demonstrated by 3-dimensional cell invasion, wound healing and Boyden chamber Transwell migration-invasion assays. Moreover, C150 treatment decreased MMP-2 gene expression in PANC-1 cells and reduced MMP-2 activity in gelatin zymography assay. In an orthotopic mouse model of pancreatic cancer, C150 significantly reduced tumor growth at the dose of 15 mg/kg by intraperitoneal injection three times per week. Furthermore, C150 enhanced protein degradation of Snail, an important EMT-promoting transcription factor, and decreased the expression of the mesenchymal marker N-cadherin, while it increased the expression of the epithelial markers zonula occludens-1 and claudin-1. The findings of the present study suggested that C150 is a novel EMT inhibitor that may be promising for inhibiting pancreatic cancer growth and metastasis.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% of all cases of pancreatic cancer (1) and is one of the most lethal types of cancer, with an overall 5-year survival rate of only 9% (2). Despite numerous efforts, the treatment options for PDAC remain limited, and the treatment outcomes are poor. Gemcitabine as a single agent has been used as first-line chemotherapy for almost three decades (3), but its benefits in terms of survival are limited. A recently developed combination therapy with gemcitabine and nab-paclitaxel improved the median overall survival by a few months, but was also associated with increased incidence of treatment-related toxicities (4). A non-gemcitabine combination regimen comprising oxaliplatin, irinotecan, fluorouracil and leucovorin (FOLFIRINOX) has also demonstrated a small benefit in terms of survival compared with gemcitabine, but the toxicities of this regimen are severe and have been reported to be intolerable by a significant proportion of the patients (5, 6). The high mortality rate of PDAC is largely due to early metastasis, which accounts for the poor treatment outcomes (6, 7). Therefore, identifying new anti-pancreatic cancer agents is crucial.

Emerging evidence has shown that epithelial-to-mesenchymal transition (EMT) plays an important role in PDAC cell invasion, metastasis, tumor progression and drug resistance (8, 9). The initial steps of metastasis involve the dissemination of cancer cells from the tumor bulk and invasion through the extracellular matrix (ECM), in which EMT plays a critical role (10). By initiating the EMT process, the apical-basal polarized carcinoma cells lose cell-cell adhesions and are converted to fibroblast-like mesenchymal cells, exhibiting enhanced mobility and invasiveness (11–13). In a transgenic mouse model of pancreatic cancer, EMT was shown to occur in the early stages of tumor formation and was associated with cancer cell dissemination and invasion prior to, and in parallel with, primary pancreatic tumor formation (14). Moreover, in human tissue samples of pancreatic cancer, it has been found that the epithelial marker E-cadherin was weakly expressed in poorly differentiated tumors, and the mesenchymal marker N-cadherin was mainly expressed in the invasive front (15). The EMT-promoting factor Snail was found to be highly expressed in tumor tissues compared with normal tissues (15). Snail has been reported to suppress the expression of epithelial markers, such as E-cadherin, claudins and zonula occludens (ZO)-1 (16–18), and to promote the expression of mesenchymal markers, such as fibronectin, N-cadherin and MMPs (12, 19–21). Overexpression of Snail was reported to induce EMT and promote pancreatic cancer cell invasion and metastasis in mouse models of pancreatic cancer (22). These previous findings strongly indicate the significance of EMT in promoting pancreatic cancer progression. Thus, targeting EMT may be beneficial for the treatment of this disease.

We previously established a high-throughput screening assay for the discovery of compounds that had the potential to enhance E-cadherin expression (23). Upon screening of combined libraries of ~47,000 compounds, several positive hits that could potentially inhibit EMT in pancreatic cancer cells were identified (23). The aim of the present study was to investigate one of the top hits, compound C150 (2-[2-(5-nitro-2-thienyl)vinyl]quinoline), a quinoline compound with a novel structure, for its activity in suppressing pancreatic cancer EMT and tumor progression in vitro and in vivo.



Materials And Methods


Cell Culture and Reagents

The human pancreatic cancer cell lines PANC-1, MIA PaCa-2, HPAF-II and BxPC-3 cells were obtained from the American Type Culture Collection. The immortalized human pancreatic duct epithelial cell line hTERT-HPNE was donated by Dr. Shrikant Anant and L3.6pl pancreatic cancer cells were donated by Dr Liang Xu at the University of Kansas. All cancer cells were cultured in recommended media with 10% FBS (cat. no. F0926; Sigma-Aldrich; Merck KGaA) and 100 U/ml penicillin/streptomycin (cat. no. 30-001-CI; Corning Life Science) and were used within 20 passages in our laboratory. The hTERT-HPNE cells were cultured with DMEM (cat. no. 10-013 CV; Corning Life Science) supplemented with 5% FBS, 1X N2 supplement (cat. no. 17502-048; Invitrogen; Thermo Fisher Scientific, Inc.), 10 ng/ml basic fibroblast growth factor (cat. no. PHG0024; Invitrogen; Thermo Fisher Scientific, Inc.) and 50 μg/ml gentamicin (cat. no. 15710-064; Gibco; Thermo Fisher Scientific, Inc.), and were used within 10 passages in our laboratory. All cells were cultured at 37˚C in a humidified cell incubator with 5% CO2. C150 compound was purchased from ChemBridge and stocked in DMSO. All C150 treatments were diluted in cell culture medium with a final DMSO concentration <0.1% (v/v%). All control (Ctrl) groups were treated with the same volume of medium containing DMSO (<0.1% v/v%).



MTT Cell Viability Assay

Cells were seeded in 96-well plates at 5,000 cells/well and incubated overnight, and then treated with C150 for 48 h. MTT (20 μl of 5 mg/ml solution) was added into each well and incubated at 37°C for 4 h. The medium was then removed and 150 μl DMSO was added into each well. Absorbance was detected at 570 nm using a microplate reader (BioTek Instruments, Inc.).



Transwell Migration and Invasion Assays

Cells were seeded (5x104 cells/insert) into Transwell cell culture inserts (cat. no. 353097; Corning Life Science) coated (invasion assay) or non-coated (migration assay) with 1 mg/ml (0.1%) Matrigel (cat. no. 356237; Corning Life Science) in pure DMEM medium (cat. no. 10-013 CV; Corning Life Science) without FBS. The inserts were then placed in 24-well tissue culture plates with culture medium supplemented with 10% FBS (cat. no. F0926; Sigma-Aldrich; Merck KGaA) to serve as a chemoattractant in the wells. Treatments were added in the medium in inserts and in wells. After 24 or 48 h of treatment, the inserts were removed from the well, and cells inside the inserts were removed using cotton swab. Cells on the bottom of the insert membrane were fixed in 4% formaldehyde for 10 min, followed by 10 min staining in 0.5% crystal violet solution at room temperature. The inserts were then washed in water and left to dry before being photographed. Images of the whole insert were captured under a light microscope. The total number of cells on each insert membrane were counted using ImageJ software (Java 1.8.0_172 version for Mac OS X, National Institutes of Health).



Wound Healing Assay

Cells were seeded in a 24-well plate at a density of 2x105 cells/well and cultured to a confluent monolayer. A linear scratch was made on the monolayer using a 200-μl pipette tip. Cell debris was washed away with fresh medium. Cells were then cultured for 24 h with or without treatments. Images from 5 different areas in each well were captured at 0, 12 and 24 h under a Nikon eclipse TE 2000-U phase contrast inverted microscope at a magnification of x100. The distance between the edges of the wound was measured using ImageJ software (Java 1.8.0_172 version for Mac OS X, National Institutes of Health), and cell migration was quantified as follows:

Wound healing (%) = (distance0 h - distance24 h)/distance0 h.



Three-Dimensional (3D) Cell Invasion Assay

PANC-1 cells were seeded at a density of 8,000 cells/well in an ultra-low attachment, round-bottomed 96-well plate (cat. no. 7007; Corning Life Science) in complete growth medium and cultured for 4 days to form compact spheroids (one spheroid/well). Type I rat tail collagen (cat. no. 354236; Corning Life Science) was adjusted to neutral pH with setting solution (100 ml 10X EBSS, 2.45 g NaHCO3, 7.5 ml 1M NaOH and 42.5 ml H2O) and kept on ice. The medium was fully removed from each well, followed by the addition of 100 μl of neutral-pH collagen. The plate was then placed in a 37°C cell incubator for 30 min for collagen to solidify. A total of 100 μl of complete growth medium was then added into each well and images were captured at 0 h. Treatments were added to both collagen and medium. The spheroids were treated for 72 h and images were captured using phase contrast light microscopy at a magnification of x40. Cell invasion was analyzed using ImageJ software (Java 1.8.0_172 version for Mac OS X, National Institutes of Health) by drawing an enclosed line tracing the invasion edge, encircling the total area. Then, an enclosed line was drawn along the core spheroid to encircle the core spheroid area. The invaded area was calculated by subtracting the core spheroid area from the total area. Invasion score = invaded area/core spheroid area.



Western Blotting

Total cell lysate and tumor tissue lysate were obtained using Pierce RIPA buffer (cat. no. 89901; Thermo Fisher Scientific, Inc.) in the presence of protease and phosphatase inhibitor cocktails (cat. nos. P8340, P5726 and P0044; Sigma-Aldrich; Merck KGaA). Nuclear and cytoplasmic fraction lysis was performed according to the protocol by Pierce NE-PER Nuclear and Cytoplasmic Extraction kit (cat. no. 78833; Thermo Fisher Scientific, Inc.). Lysate protein concentration was determined using Pierce BCA protein assay (cat. no. 23225; Thermo Fisher Scientific, Inc.). The lysate was mixed with 2X Laemmli SDS loading buffer (cat. no. 161-0737; Bio-Rad Laboratories, Inc.), ran in an 8 or 10% SDS-PAGE gel and transferred onto 0.2 μm PVDF membranes (cat. no. ISEQ00010; Millipore Sigma). The membranes were blocked in 5% blocking grade milk in TBST solution (0.1% Tween-20 in 1X TBS) for 2 h at room temperature, then incubated with primary antibody at 4°C overnight in 5% BSA (cat. no. BP1605-100, Fisher Scientific)/TBST solution. Primary antibodies included rabbit anti-PARP (dilution 1:1,000, cat. no. 9542S; Cell Signaling Technology, Inc.), rabbit anti-caspase-3 (dilution 1:1,000, cat. no. 9662S; Cell Signaling Technology, Inc.), rabbit anti-vinculin (dilution 1:1,000, cat. no. 4650S; Cell Signaling Technology, Inc.), rabbit anti-Snail (dilution 1:500, cat. no. 3879S; Cell Signaling Technology, Inc.), rabbit anti-ZO-1 (dilution 1:500, cat. no. 13663S; Cell Signaling Technology, Inc.), rabbit anti-claudin-1 (dilution 1:500, cat. no. 13995S; Cell Signaling Technology, Inc.), rabbit anti-N-cadherin (dilution 1:1,000, cat. no. 13116S; Cell Signaling Technology, Inc.), rabbit anti-Histone-3 (dilution 1:2,000, cat. no. 4499S; Cell Signaling Technology, Inc.), rabbit anti-α-tubulin (dilution 1:2,000, cat. no. 2144S; Cell Signaling Technology, Inc.), mouse anti-β-actin (dilution 1:2,000, cat. no. 3700S; Cell Signaling Technology, Inc.), rabbit anti-cofilin (dilution 1:5,000, cat. no. 5175T; Cell Signaling Technology, Inc.), rabbit anti-p-cofilin (dilution 1:1,000, cat. no. 3313T; Cell Signaling Technology, Inc.), mouse anti-proliferating cell nuclear antigen (PCNA) (dilution 1:1,000, cat. no. sc-25280; Santa Cruz Biotechnology, Inc.), mouse anti-MMP-2 (dilution 1:200, cat. no. sc-53630; Santa Cruz Biotechnology, Inc.). Following incubation with HRP-linked secondary antibodies (dilution 1:5,000; anti-mouse cat. no. 7076S; anti-rabbit cat. no. 7074S; Cell Signaling Technology, Inc.) for 2 h at room temperature, the Pierce ECL plus reagent (cat. no. 32132; Thermo Fisher Scientific, Inc.) was used to establish the blots. All western blotting experiments were repeated at least three times. Western blot band density was analyzed and quantified using ImageJ software (Java 1.8.0_172 version for Mac OS X, National Institutes of Health).



Reverse Transcription-Quantitative (RT-q) PCR Analysis

Total RNA was extracted from the cells using TRIzol® reagent (cat. no. AM9738; Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer’s protocol. cDNA synthesis was carried out with 1 μg of total RNA using OneScript cDNA Synthesis Kit (cat. no. G234; Applied Biological Materials). cDNA was then diluted at 1:5 in nuclease-free H2O. RT-qPCR was performed using BioRad iQ iCycler detection system with One-Step BrightGreen reagents (cat. no. MasterMix-S; Applied Biological Materials) according to the manufacturer’s protocol. Each reaction was carried out in a volume of 10 μl with 5 μl 2X BrightGreen qPCR MasterMix, 0.6 μl forward and reverse primer mix (10 μM), 2 μl diluted cDNA and 2.4 μl nuclease-free H2O. All qPCR reactions were run under the following cycling conditions: Enzyme activation at 95°C for 10 min, 40 cycles of denaturation (95°C for 15 sec), and annealing/extension (60°C for 60 sec). Melting curves were detected at 55-95°C with 0.5°C increments. Three independent experiments were performed, and reactions were carried out in triplicates for each experiment. Gene expression was quantified using the 2-δδCq method (24) with GAPDH as the internal control. The primer sequences were as follows: Snail (forward: 5’-TCGGAAGCCTAACTACAGCGA-3’, reverse: 5’-AGATGAGCATTGGCAGCGAG-3’); MMP-2 (forward: 5’-TAGCTGCTGGCTCACTGTGT-3’, reverse: 5’-CTTCAGCACAAACAGGTTGC-3’); GAPDH (forward: 5’-CCAGGTGGTCTCCTCTGACTTCAACA-3’, reverse: 5’-AGGGTCTCTCTCTTCCTCTTGTGCTC-3’).



MMP Gelatin Zymography

PANC-1 cells were seeded in a 6-well plate at 1x 105 cells/well. The next day, cells were treated with C150 in 1 ml FBS-free DMEM medium (cat. no. 10-013 CV; Corning Life Science) for 24 h. The supernatant was collected and processed with Pierce BCA protein assay (cat. no. 23225; Thermo Fisher Scientific, Inc.) to determine the protein concentration. The supernatant was then mixed with 5X non-reducing loading buffer (cat. no. 39001; Thermo Fisher Scientific, Inc.). An equal amount (10 μg) of total protein in each sample was run in an 10% SDS-PAGE gel containing 0.2% gelatin (Sigma-Aldrich; Merck KGaA). The gel was renatured in renaturing/washing buffer [1 M Tris (pH 8.0), 1 M CaCl2, 2.5% TritonX-100] for 1 h at room temperature, equilibrated in incubation buffer [1 M Tris (pH 8.0), 1 M CaCl2] for 10 min at room temperature, and incubated in incubation buffer at 37°C for 24 h. The gel was then stained with Coomassie Brilliant Blue R-250 (cat. no. 1610436; Bio-Rad Laboratories, Inc.) followed by de-staining in de-staining solution (40% methanol, 10% acetic acid, 50% H2O) at room temperature until clear bands were visible. Clear bands representing MMP enzyme activity were analyzed and quantified using ImageJ software (Java 1.8.0_172 version for Mac OS X, National Institutes of Health).



Snail Overexpression in PANC-1 Cells

PANC-1 cells were seeded in a 6-well plate at 2x 105 cells/well and cultured for 24 hours before transfection. The cells were then transfected with 125 ng pCMV-Flag-Snail plasmid (Addgene, Inc.) or 125 ng empty vector plasmid (Addgene, Inc.) using Lipofectamine™ 3000 (cat. no. L3000015; Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer’s protocol. At 48 h after transfection, cells were collected and seeded for wound healing assay as described earlier. Snail overexpression was confirmed by western blotting.



Immunohistochemistry

Paraffin-embedded 5-μm tissue sections were deparaffinized and hydrolyzed through sequential xylene, 100% ethanol, 95% ethanol, 75% ethanol and H2O. Antigen retrieval was carried out by submerging the slides in citrate buffer (pH 6.0) for 30 min at 95°C. Immunohistochemistry staining was performed according to the protocol provided with the Abcam IHC detection kit (cat. no. ab64264; Abcam). Briefly, following antigen retrieval, the slides were blocked in the protein blocking solution for 1 h, then incubated with primary anti-PCNA antibody (dilution 1:100, cat. no. sc-25280; Santa Cruz Biotechnology, Inc.) in TBST (1X TBS with 0.1% Tween-20) solution overnight at 4°C. After washing in TBST solution, the slides were incubated in H2O2 blocking solution for 15 min, then incubated with biotinylated secondary antibody for 1 h, followed by 30-min incubation with streptavidin-peroxidase solution. DAB chromogen was then applied to the slides to develop the staining. After immunostaining, the slides were counterstained in Mayer’s hematoxylin solution for 30 sec. The slides were observed under a light microscope at a magnification of x200. Images were captured from at least 5 different fields per sample. Data were analyzed using ImageJ (Fiji Version) by subtracting the hematoxylin staining color to reveal only DAB staining color. Then, DAB-positive stained cells were counted for each image.



Cell Cycle Analysis

A total of 5x 105 PANC-1 cells were seeded in a 60-mm petri dish. The next day, the cells were treated with C150 for 48 h. Cells were collected, washed with 1X PBS and fixed in 70% ethanol at -20°C overnight. After 70% ethanol fixation, cells were washed once with 1X PBS and stained in PI staining solution (20 µg/ml PI in 1X PBS solution with 200 µg/ml RNase A and 0.1% Triton X-100) at 37°C for 15 min. Cell cycle distribution with flow cytometry (BD LSR II, BD Biosciences).



Orthotopic Pancreatic Cancer Mouse Model


Dose Determination

All animal experiments followed an Animal Care and Use Protocol (2018–2443) approved by the Institutional Animal Care and Use Committee at the University of Kansas Medical Center. The acute maximal tolerance dose of C150 in mice was determined using 6 mice (Strain: BALB/cJ, 3 female, 3 male) starting with a one-time intraperitoneal (IP) dose of 20 mg/kg (in 20% H2O + 20% DMSO + 60% PEG-400). All mice appeared lethargic and were sacrificed by CO2 euthanasia 2 h after the injection. The dose was reduced to 10 mg/kg in another set of 6 mice, and no signs of toxicity were observed. Then, the dose was raised to 15 mg/kg and the mice were monitored for 7 days, during which time no signs of toxicity were observed. To further detect tolerance for sub-chronic administration of C150 at 15 mg/kg, 6 mice were administered C150 at 15 mg/kg daily for 5 consecutive days. No signs of toxicity were observed, indicating good tolerance. Based on the data and establishing a margin of safety, the treatment regimen was determined to be 15 mg/kg, 3 times per week by IP injection.



Tumor Treatment

Luciferase-labeled PANC-1 (PANC-1-Luc) cells were established by the Preclinical Proof of Concept Core Laboratory at the University of Kansas Medical Center (Kansas City, USA). During tumor inoculation, 6-week-old female nude mice (Hsd: Athymic Nude-Foxn1nu, Harlan) were anesthetized by isoflurane inhalation (5% for induction of anesthesia and 2% for maintenance). A subcostal laparotomy was performed to expose the pancreas. A total of 4x105 PANC-1-Luc cells suspended in 50 μl of cold 1X PBS were injected into the tail of the pancreas. The wound was then sealed with wound clips. A total of 19 mice were inoculated. Two weeks after tumor cell inoculation, the mice were administered 150 mg/ml of D-luciferin (GoldBio) by IP injection and imaged by the IVIS imaging system (PerkinElmer, Inc, Waltham, MA). Mice were grouped into vehicle (n=10) and treatment (n=9) groups based on imaging to ensure even tumor burdens in each group. Treatments then commenced with 15 mg/kg of C150 or vehicle (20% H2O + 20% DMSO + 60% PEG-400), by IP injection, 3 times per week. Treatments were continued for 6 weeks. Mice were imaged weekly to monitor tumor growth. Following sacrifice, the tumors were removed, weighed, and fixed in 4% formaldehyde or frozen at -80°C for future analysis.




Toxicity Monitoring

Body weight was monitored weekly. Body condition score (BCS) and clinical signs of pain and distress were used as indicators of toxicity. Mice reaching BCS2 or less, or exhibiting any of the signs below were considered to display signs of toxicity: Guarding, reduced movement, abnormal appearance (hunched), restlessness, circling, convulsion or blindness, rapid or labored breathing, hemorrhage, flaccid or spastic paralysis, inability to ambulate, recumbency or mutilation.



Statistical Analysis

All results are presented as mean ± SD unless stated otherwise. Statistical analysis was performed using unpaired Student’s t-test or Mann-Whitney U test for two-group comparisons. One-way ANOVA with Tukey’s post hoc test was used for multi-group comparisons. P<0.05 was considered to indicate statistically significant differences.




Results


C150 Inhibits Proliferation in Multiple Pancreatic Cancer Cell Lines

The effects of C150 (Figure 1A) on cell viability were examined in a panel of human pancreatic cancer cell lines (PANC-1, BxPC-3, MIA PaCa-2, HPAF-II, L3.6pl) and an immortalized human pancreatic duct epithelial cell line, hTERT-HPNE. Treatment for 48 h resulted in a significant decrease in cell viability in all tested pancreatic cancer cells. The 50% inhibitory concentrations (IC50) were ~1 μM for BxPC-3, MIA PaCa-2, HPAF-II and L3.6pl cells, and ~2.5 μM for PANC-1 cells. The non-cancerous hTERT-HPNE cells were markedly more resistant to C150 treatment, with an IC50 of ~12.5 μM and the inhibitory effect was not notably enhanced when drug concentration increased further (Figure 1B). These data indicated a preferential inhibitory effect of C150 towards the viability of pancreatic cancer cells vs. normal cells. To examine whether the inhibition of cell viability was due to apoptosis or suppression of proliferation, the expression of two apoptosis markers, PARP and caspase-3, were examined by western blotting in PANC-1 cells treated with C150 (1 and 2 μM for 48 h). Etoposide (50 μg/ml) was used as a positive control. Compared with etoposide, which induced extensive PARP cleavage and caspase-3 cleavage, C150 did not induce PARP or caspase-3 cleavage (Figure 1C), indicating that C150 did not promote cell apoptosis. By contrast, the cell proliferation marker, PCNA, was significantly decreased with the same C150 treatments (Figure 1D). Cell cycle analysis revealed a G2/M phase arrest induced by C150 treatment, and no sub-G0 cells were detected (Figure 1E). These data suggested that C150 inhibited pancreatic cancer cell proliferation rather than inducing apoptosis.




Figure 1 | C150 inhibits pancreatic cancer cell proliferation. (A) Structure of C150. (B) Cell viability upon C150 treatment. The human pancreatic cancer cell lines HPAF-2, MIA PaCa-2, BxPC-3, L3.6pl and PANC-1, and the immortalized normal human pancreatic ductal epithelial cell hTERT-HPNE, were incubated with increasing concentrations of C150 for 48 h. Cell viability was analyzed by MTT assay and normalized to untreated controls. (C, D) Western blot analysis of (C) apoptosis markers and (D) PCNA. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM) or etoposide (50 μg/ml) for 48 h. Vinculin was blotted as the loading control. (C) Bar graph shows the ratio of cleaved PARP band density to full PARP band density and the ratio of cleaved caspase-3 to full Caspase-3 band density. (D) Bar graph shows the PCNA band density relative to vinculin. (E) Cell cycle analysis. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 µM) for 48 h. Cells were then collected, fixed in 70% ethanol, stained with PI and examined by flow cytometry. Left panel shows representative figures of cell cycle distribution. Bar graph shows the percentage distribution of each phase. Data represent mean ± SD of at least three independent experiments in all graphs. *P<0.05, **P<0.01 (vs. Ctrl) by one-way ANOVA-Tukey’s test. C150, 2-[2-(5-nitro-2-thienyl)vinyl]quinoline; PCNA, proliferating cell nuclear antigen; Ctrl, control.





C150 Inhibits Migration and Invasion in Pancreatic Cancer Cells

Pancreatic cancer cell migration was first evaluated in a wound healing assay. Treatment with C150 significantly inhibited PANC-1 cell migration at 1 and 2 μM (Figure 2A) and MIA PaCa-2 cell migration at 0.5 and 1 µM (Figure 2B). Boyden chamber Transwell migration/invasion assays were then used to further assess the effects of C150 on migration (without Matrigel coating) and invasion (with Matrigel coating). After 48 h of treatment, C150 reduced the number of PANC-1 cells on the outside of the Transwell membrane in a concentration-dependent manner, with or without Matrigel coating (Figure 2C). The same results were further confirmed in, MIA PaCa-2 cells (Figure 2D). Consistently, the phosphorylation of cofilin, an actin-binding protein, was increased following treatment with 2 μM C150 in PANC-1 cells (Figure 2E), indicating inhibition of cytoskeleton rearrangement and decreased cell mobility (25). These data indicated that both migration and invasion were inhibited by C150 treatment.




Figure 2 | C150 inhibits pancreatic cancer cell migration and invasion. (A, B) Wound healing assay. Monolayer of PANC-1 (A) cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM) for 12 and 24 h after creating the wound. MIA PaCa-2 cells (B) were treated with DMSO (Ctrl) or C150 (0.5 and 1 µM) for 24 h after creating the wound. Scale bar, 500 µm. Bar graph shows percentage of wound recovery (mean ± SD of 4 repeats). (C, D) Transwell migration and invasion assays of (C) PANC-1 and (D) MIA PaCa-2 cells. Boyden chamber Transwell inserts were either uncoated (migration) or coated (invasion) with 0.1% Matrigel. Cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM for 48 h for PANC-1 cells; and 0.5 and 1 μM for 24 h for MIA PaCa-2 cells). Bar graphs show the number of migrated or invaded cells per insert (mean ± SD of two independent experiments, each performed in triplicates). Scale bar, 500 µm. (E) Western blots of cofilin and p-cofilin. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 µM) for 24 h. Total cell lysates were subjected to immunoblotting against cofilin and p-cofilin (Ser3). β-Actin was blotted as loading control. Bar graph shows the ratio of p-Cofilin (Ser3) band density to Cofilin band density (mean ± SD of three independent experiments). (F) 3D invasion assay. PANC-1 cell spheroids were grown in collagen and treated with DMSO (Ctrl) or C150 (2 and 4 μM) for 72 h. Scale bar, 1000 µm. Bar graph shows invasion score (mean ± SD of two independent experiments, each performed in eight repeats) *P<0.05, **P<0.01 (vs. Ctrl) by one-way ANOVA followed by Tukey’s post hoc test. C150, 2-[2-(5-nitro-2-thienyl)vinyl]quinoline; Ctrl, control; p-, phosphorylated.



A 3D cell invasion model was then utilized to more closely simulate the in vivo conditions of pancreatic cancer invasion, in which a tumor spheroid was cultured surrounded by collagen-rich ECM. PANC-1 cells were first cultured in complete growth medium in a round-bottomed ultralow-attachment 96-well plate to form compact cell spheroids. The cell spheroids were then cultured in type I collagen matrix. Upon 72 h of culture, cells around the edge of the spheroid disseminated and invaded through the surrounding collagenous ECM, forming a radial-shaped area of invasion (Figure 2F). C150 treatment at 2 and 4 μM significantly inhibited the invasion of PANC-1 cells in this model (Figure 2F). Taken together, both 2D and 3D culture data consistently demonstrated that C150 inhibited pancreatic cancer cell migration and invasion in vitro.



C150 Suppresses EMT in Pancreatic Cancer Cells

Multiple EMT markers were examined in order to investigate whether C150 can inhibit this process in pancreatic cancer cells. Upon 24 h of treatment, C150 at 1 and 2 μM significantly increased the expression of the epithelial markers ZO-1 and claudin-1 in PANC-1 cells and decreased the expression of the mesenchymal marker N-cadherin (Figure 3A) The levels of the pro-EMT transcription factor Snail also decreased (Figure 3A). The metalloprotease MMP-2 had decreased expression at 24 h of treatment with C150 (1 and 2 μM), as detected by RT-qPCR (Figure 3B). Accordingly, the activity of MMP-2 was also significantly reduced, as detected by the gelatin zymography assay (Figure 3C).




Figure 3 | C150 inhibits EMT in PANC-1 cells. (A) Western blots of EMT markers. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM) for 24 h. Total cell lysates were subjected to immunoblotting against ZO-1, claudin-1, Snail and N-cadherin. β-Actin was blotted as loading control. Bar graph shows the band densities relative to β-actin. (B) mRNA expression levels of MMP-2. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM) for 24 h. Reverse transcription-quantitative PCR results were quantified and normalized to the Ctrl group using the 2-δδCq method with GAPDH as the housekeeping gene. (C) MMP-2 activity in gelatin zymography assay. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM) for 24 h in FBS-free medium. The supernatant was then analyzed in gelatin gel and subjected to enzyme activity zymography assay. Bright bands represent MMP-2 enzyme activity. Bar graph shows the relative enzyme activity normalized to the Ctrl group. Data are presented as mean ± SD of at least three independent experiments in all graphs. *P<0.05, **P<0.01 (vs. Ctrl) by one-way ANOVA followed by Tukey’s post hoc test. C150, 2-[2-(5-nitro-2-thienyl)vinyl]quinoline; Ctrl, control; EMT, epithelial-to-mesenchymal transition; ZO-1, zonula occludens-1.





C150 Decreases Snail Protein Level by Enhancing Its Proteasomal Degradation

Snail is a master transcription factor that promotes EMT in pancreatic cancer as well as in several other cancers (26). Accumulation of Snail protein in the nucleus facilitates gene expressions that lead to EMT phenotype. At 24 h of treatment, C150 not only decreased the total Snail protein level (Figure 3A), but also significantly decreased the nuclear Snail protein level in PANC-1 cells (Figure 4A). The decrease in Snail protein levels may be the result of decreased expression, or enhanced protein degradation. The mRNA expression level of Snail was examined by RT-qPCR and the data demonstrated that the mRNA level was not altered by C150 treatment (Figure 4B). Thus, we hypothesized that C150 decreased Snail protein levels by enhancing its proteasomal degradation. PANC-1 cells were treated with C150 in the presence of a proteasome inhibitor, MG-132 (0.5 μM). Treatment with MG-132 completely reversed C150-induced Snail decrease at 16 h (Figure 4C). Moreover, when protein synthesis was blocked by puromycin (25 μg/ml) in PANC-1 cells, the presence of C150 (2 μM) accelerated Snail degradation (Figure 4D) and shortened the half-life of Snail proteins to 2 h compared to 2.7 h when C150 was absent (Figure 4E), supporting the hypothesis that C150 enhances Snail protein degradation.




Figure 4 | C150 enhances Snail protein degradation. (A) Cytoplasmic and nuclear protein levels of Snail. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM) for 24 h. Cytoplasmic and nuclear fractional lysates were subjected to immunoblotting against Snail. Histone-3 and α-tubulin were blotted as nuclear and cytoplasmic loading controls, respectively. Bar graph shows the band density of nuclear Snail relative to Histone-3. (B) mRNA levels of Snail upon C150 treatment. PANC-1 cells were treated with DMSO (Ctrl) or C150 (1 and 2 μM) for 24 h. Reverse transcription-quantitative PCR results were quantified and normalized to the Ctrl group using the 2-δδCq method with GAPDH as the housekeeping gene. (C) Snail protein level upon C150 and MG-132 treatment. PANC-1 cells were treated with C150 (1 and 2 μM) or co-treated with C150 and MG-132 (0.5 μM) for 16 h. Total lysates were subjected to immunoblotting against Snail. β-Actin was blotted as loading control. Bar graph shows the band densities of Snail relative to β-actin. (D) Snail protein levels post-puromycin treatment. PANC-1 cells were treated with DMSO or C150 (2 μM) for 24 h, then puromycin (25 μg/ml) was added to block protein synthesis. Cell lysates were collected at 0, 1, 2 or 3 h after puromycin was added. β-Actin was blotted as loading control. (E) Snail protein degradation curve. Snail band density relative to β-actin at indicated time points was quantified and normalized to that at 0 h in each group. (F) Wound healing assay in PANC-1 cells with Snail overexpression. PANC-1 cells were transfected with Snail plasmid (P-Sn) or empty vector plasmid (P-Ve) for 48 h. Overexpression of Snail was confirmed by western blotting. Transfected cells were then seeded for wound healing assay with DMSO (Ctrl) or C150 (2 μM) treatment for 24 h. Bar graph shows the percentage of wound recovery. Data are presented as mean ± SD of three to five independent experiments. *P<0.05, **P<0.01 (vs. Ctrl); #P<0.05 (P-Sn vs. P-Ve) by (A–C) one-way ANOVA followed by Tukey’s post hoc test or (E, F) Student’s t-test. $P < 0.01 (non-MG-132 vs. MG-132) by Student’s t-test in (C). C150, 2-[2-(5-nitro-2-thienyl)vinyl]quinoline; Ctrl, control.



Snail was then overexpressed in PANC-1 cells. After the overexpression was confirmed by western blotting (Figure 4F), cell migration was assessed using wound healing assay. As expected, Snail over expression increased cell migration after 24 h, and C150 treatment (2 μM) inhibited cell migration in both the empty vector and Snail overexpression groups (Figure 4F).

Taken together, these in vitro data demonstrated that C150 enhanced degradation of the Snail protein, and inhibited pancreatic cancer cell EMT, resulting in inhibition of cell proliferation and cell invasion.



C150 Treatment Reduces Tumor Growth in an Orthotopic Mouse Model of Pancreatic Cancer

An orthotopic mouse model of pancreatic cancer was used to evaluate the in vivo effects of C150. PANC-1-Luc cells were injected into the pancreas of nude mice. Two weeks after cell injection, mice were imaged to confirm tumor formation and were grouped based on tumor burden into vehicle (n=10) and treatment group (n=9), for each group to have equal average tumor burdens. Mice were treated 3 times per week with 15 mg/kg of C150 (determined by the dose-finding experiments described in Materials and methods) or vehicle (20% DMSO + 20% H2O + 60% PEG400) by IP injection.

Six weeks of C150 treatment significantly reduced tumor burden compared to vehicle controls (Figures 5A, B). The final tumor weight in the C150-treated group was significantly lower compared with that in the vehicle-treated group (Figure 5C). Tumor samples were collected 48 hours after the last treatment and evaluated by immunoblots. PCNA was significantly inhibited in C150-treated tumors compared with vehicle-treated tumors (Figure 5D), indicating the reduction in cell proliferation by C150 treatment. EMT markers in the tumor samples were examined by western blotting. Consistent with the in vitro data, the levels of the epithelial markers ZO-1 was elevated (P = 0.05 vs. vehicle). Claudin-1 showed a trend to elevation in the tumor tissues of C150-treated mice but the change was not statistically significant, whereas the pro-metastasis marker MMP-2 trended to decrease with C150 treatment (Figures 5E, F). Collectively, the in vivo data were consistent with the in vitro data, indicating that C150 inhibits pancreatic cancer progression.




Figure 5 | C150 reduces tumor growth in mice. (A) Bioluminescence images of tumor burden in live mice at the beginning (week 0) and at the end (week 6) of treatments. Actual tumors at sacrifice were shown below the bioluminescence images. (B) Longitudinal mean tumor burden detected by imaging, quantified as photons/sec/cm2 (mean ± SEM). (C) Tumor weight at sacrifice (n=9 for the C150 group and n=10 for the vehicle group). *P<0.05 by Mann-Whitney U test (vs. vehicle control). (D) Immunohistochemistry staining for PCNA in tumor samples. Three random tumors from each of the vehicle or C150 groups were analyzed. Scale bar, 50 μm. Bar graph shows the quantification of positively stained cells, presented as mean ± SD of at least five different fields per sample of the three samples. **P<0.01 with Student’s t-test (vs. vehicle control). (E) Western blot analysis of epithelial-to-mesenchymal transition markers in tumor samples. Total lysates of tumor samples from all mice were analyzed. β-Actin was blotted as loading control. The tumor samples were collected 48 hours after the last treatment (mice were treated for 6 weeks, 3 times a week). (F) Quantification of western blot band density relative to β-actin (mean ± SEM). (*, P = 0.05 vs. Vehicle). (G) Mouse body weight (mean ± SD). **P<0.01 by Student’s t-test (vs. vehicle control). C150, 2-[2-(5-nitro-2-thienyl)vinyl]quinoline; Ctrl, control; PCNA, proliferating cell nuclear antigen.



Toxicities were evaluated base on BCS and clinical signs, as described in Materials and methods. All mice started at a BCS of 3. During treatment, no mice exhibited observable clinical signs of toxicity, or had BCS drop to 2 or <2. However, the mean body weight of the treatment group decreased compared with that of the control group (Figure 5G), indicating potential toxicities not documented herein. Therefore, the toxicity profile and therapeutic window of C150 require further investigation.




Discussion

Accumulating evidence has demonstrated the critical role of EMT in promoting pancreatic cancer progression (9). During EMT, cancer cells undergo serial molecular changes during which they lose epithelial markers and acquire mesenchymal markers, leading to the loss of cell-cell and cell-membrane adhesion (27). In this study, C150 treatment resulted in increased expression of the epithelial markers ZO-1 and claudin-1 in pancreatic cancer cells, both of which are integral components of tight junctions in cells with an epithelial phenotype. In addition, the expression of the mesenchymal marker N-cadherin was decreased by C150 treatment. These data indicated that C150 treatment suppressed the EMT process in PANC-1 cells. These mechanisms were further confirmed in a mouse model.

During invasion, cancer cells degrade the basement membrane and the dense ECM. This degradation process is mainly mediated by the MMPs (28). The production of MMPs by cancer cells is upregulated by EMT-promoting factors (10, 29). In the present study, compound C150 significantly inhibited the activity of MMP-2, which is one of the main enzymes responsible for degrading collagen fibers in the tumor stroma. This may be of particular importance in pancreatic cancer, as the disease is characterized by rich collagenous stroma (30). An 3-D cell invasion assay with collagenous stroma here showed the outcome of reduced pancreatic cancer cell invasion with C150 treatment.

The levels of the pro-EMT factor Snail were markedly decreased by C150 treatment. Snail is a master transcription factor that induces EMT in a number of cancer types (26, 31). Snail directly regulates the expression of several EMT markers, including ZO-1, claudin-1 and N-cadherin (12, 17, 18). Ectopic expression of Snail resulted in EMT and promoted metastasis in mouse models of pancreatic cancer (22, 32). The reduction in Snail protein levels by C150 treatment indicates a mechanism through which C150 inhibits EMT in pancreatic cancer cells. Furthermore, silencing Snail was reported to result in cell cycle arrest and suppressed proliferation in cancer (33). This observation is consistent with our data indicating that compound C150 decreased Snail expression and inhibited cell proliferation. A limitation of the present study is that changes in Snail expression were not detected in the mouse tumor samples. This is likely due to several reasons: The fast turnover time of the Snail protein (34, 35) and a late sample collection at 48 h after the last treatment may lead to changes in Snail protein levels remaining undetected. Furthermore, tissues harvested from mouse tumors were a mixture of tumor cells, fibroblasts, blood vessels, immune cells and other associated tissue components, which may complicate the interpretation of the results. In addition, after 6 weeks of treatment, the tumor cells exhibiting decreased Snail expression (hypothesized to be more sensitive) would have become dormant. Therefore, in the residual tumor tissues, cells without or with subtler changes in Snail expression are more likely to become the dominant population, and a Snail decrease cannot be detected in the residual tumor. Nevertheless, multiple in vitro assays and Snail overexpression assays confirmed the role of Snail in C150-mediated EMT-inhibiting effect.

Of note, C150 induced a decrease in Snail levels through enhanced proteasomal degradation, but not through inhibiting its expression, as Snail mRNA remained unchanged after C150 treatment. Snail protein degradation is tightly controlled by its phosphorylation and ubiquitination (36, 37). Multiple pathways have been reported to regulate Snail phosphorylation, among which is the GSK3β mediated pathway (38). GSK3β phosphorylates Snail at two different sites, priming it for nuclear exportation, ubiquitination and subsequent proteasomal degradation (38). However, our data showed that C150 significantly increased Ser9 phosphorylation of GSK3β (Supplementary Digital Content 1), thereby inhibiting its kinase function (39, 40). Therefore, Ser9 phosphorylation of GSK3β would likely increase Snail protein stability rather than decrease it. Thus, it was inferred that the C150-induced Snail degradation is likely not mediated by the GSK3β pathway. A number of regulatory pathways and kinases are involved in the regulation of Snail protein stability (12, 36). As the molecular target of C150 remains unknown, the exact mechanisms through which C150 promotes Snail proteasomal degradation are unclear and require further investigation.

The high heterogenicity of pancreatic cancer may influence C150 treatment outcome and contribute to insensitivity/resistance of some tumors to C150 treatment. Some tumors may have cells with upregulated efflux transporters upon drug treatment, and/or harbor mutations in the targeted genes/pathways that dampened the treatment effects. Some tumors may have different tumor stroma densities and compositions that influence drug penetration to reach the cancer cells and/or responses of the cells to the treatment. While the data here showed overall efficacy, the single-drug treatment of C150 had in some of the mice only a modest decrease in tumor burden. This argues for a combination treatment targeting different pathways for better outcomes.

To the best of our knowledge, the present study was the first to report that the novel compound C150 inhibits pancreatic cancer cell migration and invasion in vitro, suppress EMT and reduce tumor growth in mice. The data suggested that C150 may serve as a drug lead for comprehensive inhibition of pancreatic cancer growth and metastasis. Future investigation should focus on identification of the target of C150 and in-depth mechanistic studies, as well as determination of its toxicity profiles. Analogues of C150 may be developed and tested for improved efficacy, reduced toxicity and improved pharmacokinetics and other drug-like properties.
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