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Abstract

:

Transformed epithelial cells can activate programs of epithelial plasticity and switch from a sessile, epithelial phenotype to a motile, mesenchymal phenotype. This process is linked to the acquisition of an invasive phenotype and the formation of distant metastases. The development of compounds that block the acquisition of an invasive phenotype or revert the invasive mesenchymal phenotype into a more differentiated epithelial phenotype represent a promising anticancer strategy. In a high-throughput assay based on E-cadherin (re)induction and the inhibition of tumor cell invasion, 44,475 low molecular weight (LMW) compounds were screened. The screening resulted in the identification of candidate compounds from the PROAM02 class. Selected LMW compounds activated E-cadherin promoter activity and inhibited cancer cell invasion in multiple metastatic human cancer cell lines. The intraperitoneal administration of selected LMW compounds reduced the tumor burden in human prostate and breast cancer in vivo mouse models. Moreover, selected LMW compounds decreased the intra-bone growth of xenografted human prostate cancer cells. This study describes the identification of the PROAM02 class of small molecules that can be exploited to reduce cancer cell invasion and metastases. Further clinical evaluation of selected candidate inhibitors is warranted to address their safety, bioavailability and antitumor efficacy in the management of patients with aggressive cancers.






Keywords:


small molecule inhibitors; prostate cancer; breast cancer; bladder cancer; metastasis; invasiveness; E-cadherin












1. Introduction


The formation of metastases represents a major problem in the treatment of solid cancers, and 90% of patients suffering from epithelial cancers will eventually die from metastatic disease [1]. The treatment and management of advanced disease in cancer patients are mainly palliative, and new treatment modalities are urgently needed.



The progression from primary, localized cancer to advanced metastatic disease is a complex, multistep process. Several mechanisms have been delineated that are involved in the acquisition of an invasive tumor phenotype, including epithelial-to-mesenchymal transition (EMT) [2]. EMT is a physiological process in development, postnatal growth and epithelial homeostasis [1]. Under pathological conditions, oncological EMT is reactivated, resulting in a switch from a sessile, epithelial phenotype to a motile, mesenchymal phenotype [3,4,5,6]. One of the key features of EMT is the loss of the epithelial marker E-cadherin and the upregulation of mesenchymal markers (e.g., vimentin and N-cadherin). E-cadherin is encoded by the CDH1 gene and functions as a homotypic cell–cell adhesion receptor. E-cadherin plays an important role in maintaining tissue integrity and architecture in epithelial tissues. Under physiological conditions, epithelial cells are polarized and, depending on the type of epithelial tissue, possess tight, gap and adherens junctions. In this way, epithelial cells are tightly connected to each other and the basement membrane [7]. In contrast, mesenchymal cells are highly migratory, unpolarized and spindle-shaped [5]. Loss of the epithelial marker E-cadherin and acquisition of mesenchymal markers (e.g., vimentin, N-cadherin/CDH2 and fibronectin) are associated with a poor prognosis in different types of solid cancers, including prostate, bladder and breast cancers [8,9,10].



In this study, we screened over 44,000 low molecular weight (LMW) compounds from multiple compound libraries for their ability to (re)induce E-cadherin expression and to reduce tumor cell invasion in a panel of aggressive cancer types, including prostate, bladder, breast and pancreatic cancers. We identified multiple candidate LMW compounds that block the acquisition of an invasive phenotype. Based on the acquired in vitro data, a selected number of LMW compounds were studied in vitro and in preclinical human prostate and breast cancer progression and metastasis mouse models. Multiple LMW compounds of the PROAM02 class were identified as candidate pharmacologic agents for the treatment of aggressive cancers.




2. Results


2.1. Library Screening Strategy


For the first screening round, LMW compound libraries I and II (30,976 and 12,966 LMW compounds) were tested on the established T24/pEcad-luc/Rluc E-cadherin reporter (Figure S1) [11]. The first screening round resulted in the identification of 1511 positive compounds (cut-off value of 2.0-fold induction vs. vehicle) (Figure 1A,B). In the second round with T24/pEcad-luc/Rluc and PC-3/pEcad-luc/Rluc E-cadherin reporter models, 1511 compounds from the first screening were tested, supplemented with libraries III and IV (634 and 478 compounds). This screening round yielded 195 compounds that increased E-cadherin promoter activity (Figure 1B). After dose-response reporter assays and cell invasion assays in the third screening round, 63 compounds were selected that both increased E-cadherin reporter activity and decreased tumor cell invasion capacity dose-dependently in multiple invasive cell lines. One class of compounds, i.e., aminomethylene pyrazolones (WO2013/13193 A1), was selected for the lead optimization, resulting in the identification of the class of PROAM02 compounds.




2.2. Selected LMW Compounds Block Tumor Invasion and Aggressiveness In Vitro


To study the effect of LMW compounds on the phenotype of invasive potential of cells in vitro, luciferase assays based on E-cadherin reinduction and invasion were performed (Figure 1A and Figures S1 and S2A,B). Several LMW compounds induced a dose-dependent increase in E-cadherin expression, as assessed by luciferase assays and mRNA expression in human cancer cell lines (Figure 2A and Figure S1C). LMW compounds that were able to reinduce E-cadherin expression were analyzed for their ability to block Matrigel invasion in multiple human cancer cell lines. Treatment with selected LMW compounds significantly inhibited cell migration and invasion in invasive cancer cell lines: PC-3, DU145 and Panc-1 (Figure 2B and Figure S2). Most selected LMW compounds displayed a dose-dependent inhibition of invasiveness in human prostate cancer PC-3 cells (Figure S2B).



PROAM02-0008 was identified as a promising candidate agent, showing an even stronger inhibition of PC-3 cell invasion up to 90% at 10 µM compared to the initial lead compound PROAM02-0042 in PC-3 cells (Figure 2B). Similar to the results in PC-3, DU145 and Panc-1 cell lines, treatment with 10-µM PROAM02-0008 resulted in a significant inhibitory effect on invasion in the MDA-MB-231 and T24 cells (p < 0.0001) (Figure 2C). Based on the ability to induce E-cadherin (re)expression and inhibit migration and invasion in various cancer cell lines, the PROAM02 class of chemical compounds and—more specifically—PROAM02-0008 were identified as candidate drugs.



The selected LMW compounds, including PROAM02-0008, did not affect the proliferation of human prostate and bladder cancer cells in vitro (Figure S3A). However, selected LMW compounds induced cytoskeletal actin rearrangements in invasive prostate and bladder cancer cells, indicative of a less invasive and more differentiated, epithelial phenotype (Figure S3B).



The acquisition of an invasive phenotype has been previously linked to cancer stem/progenitor cell properties [12,13]. For this, human prostate and bladder cancer cells were evaluated in clonogenic assays in the presence of LMW compounds. Five-micrometer LMW compounds had a significant inhibitory effect on the clonogenic potential (Figure S3C).




2.3. Selected LMW Compounds Reduce the Expression of EMT Transcription Factors, Mesenchymal Markers and Antagonize TGF-β Signaling


The acquisition of invasive behavior has been linked to the reduced expression of mesenchymal genes and EMT transcription factors. Treatment with LMW compounds reduced the mRNA expression of mesenchymal markers vimentin and N-cadherin (CDH2) in PC-3M-Pro4luc2 and UM-UC-3luc2 cells after 24 and 48 h. Moreover, the expression of ZEB1 and SNAI1 were reduced upon treatment with the LMW compound (Figure 3A).



TGF-β represents a key cytokine involved in invasiveness via the induction of ZEB1 and SNAI1 EMT transcription factors [13,14]. For this, we evaluated the effect of selected LMW compounds on SMAD2/3-mediated TGF-β signaling activity in the stable reporter cell line MDA-MB-231/CAGAluc2 [14]. The addition of TGF-β1 resulted in a significant induction of reporter activity compared to vehicle-treated cells (**** p < 0.0001) (Figure 3B). In the presence of TGF-β1, PROAM02-0008, -0010 and -0172 significantly antagonized TGF-β-mediated reporter activity ($$$$ p < 0.001). The inhibitory effects of PROAM02-0008 on TGF-β signaling was also confirmed in another reporter assay using NIH-3T3 cells that were transfected with the CAGA12 luciferase reporter [15] (Figure 3C).




2.4. Selected LMW Compounds Reduce Tumor Progression and Metastasis in Preclinical In Vivo Models


Next, we assessed whether the selected LMW compounds can inhibit tumor growth and the formation of bone metastases in vivo [12,16]. For this, human prostate cancer cells PC-3M-Pro4luc were inoculated in the left cardiac ventricle of five-week-old male Balb-c nu/nu mice, a well-established model of experimental skeletal metastasis [13,14]. Daily intraperitoneal treatment with LMW compounds resulted in a reduced total tumor burden and number of metastases in vivo compared to vehicle-treated mice (Figure 4A and Figure S4A,B). Treatment with LMW compounds did not affect the body weight of the animals, indicating that the compounds were well-tolerated (Figure S5A,B).



Based on our in vitro and in vivo data, PROAM02-0008 was selected and evaluated in validated preclinical disease models of experimental metastasis formation and intraosseous growth in vivo [12,13]. Treatment with PROAM02-0008 resulted in a significant reduction of total tumor burden in experimentally induced bone metastasis models using real-time whole-body optical imaging of firefly luciferase-expressing human prostate and bladder cancer cells (Figure 4B,C) (p = 0.0073 and p = 0.0002). Moreover, treatment with compound PROAM02-0008 significantly reduced the intraosseous growth of human prostate cancer cells (p = 0.0049) (Figure 4D). Overall, these results indicate that LMW compounds can inhibit tumor aggressiveness and metastatic behavior in human prostate and breast cancers in vivo.





3. Discussion


Epithelial plasticity of cancer cells is involved in the regulation of an invasive phenotype [4,6]. Oncologic EMT is a common process involved in tumor progression and metastasis in different epithelial cancers, including prostate, bladder, breast, pancreatic and liver cancers [17,18,19,20,21,22,23,24,25,26]. Furthermore, oncologic EMT has been linked to the acquisition of therapy resistance, cancer stemness properties and a poor prognosis in cancer patients [4,5,17,27,28]. One of the hallmarks of EMT is the reduced expression of epithelial marker E-cadherin.



In this study, multiple compound libraries of over 44,000 LMW compounds were screened for their ability to (re)induce E-cadherin expression and reduce the invasiveness of a panel of invasive human cancer cell lines. Our study revealed that the class of PROAM02 compounds inhibited cancer cell migration and invasion, clonogenicity and induced E-cadherin re-expression. Furthermore, the administration of selected LMW compounds decreased tumor progression, metastasis formation and intra-bone tumor growth in prostate and breast cancer disease models in vivo.



The primary read-out for selecting compounds in this study was based on the reinduction of E-cadherin. In addition, we observed that the LMW compounds concomitantly reduced the expression of mesenchymal markers vimentin and N-cadherin, decreased the clonogenic potential of aggressive cancer cells and induced changes in the actin cytoskeleton. Overall, these observations are indicative of differentiation towards a more sessile, epithelial phenotype. One of the factors that can drive tumor invasiveness is TGF-β. TGF-β-induced EMT is mediated—at least in part—by the increased expression of SNAIs, TWIST and ZEB transcription factors that bind E-box sequences of the E-cadherin promoter, thus downregulating its expression. Therefore, interference with TGF-β signaling represents an interesting anticancer approach. In this study, we observed a reduced expression of ZEB1 and SNAI1 upon stimulation with the LMW compounds. In addition, we found that the candidate LMW compound PROAM02-0008 induced a significant inhibition of SMAD-dependent TGF-β signaling in two independent reporter assays. These findings support the notion that the tested LMW compounds could interfere with the TGF-β pathway.



Multiple strategies have been exploited to therapeutically target invasive behavior—for instance, by the targeting of EMT transcription factors [29,30], the translational targeting of the EMT pathway via microRNAs (miRNAs) [31,32] or interference with the EMT pathway by small molecules [33,34]. The LMW compounds identified in this study could be interesting therapeutic options for the treatment of aggressive and invasive epithelial tumors. Our animal studies revealed that the LMW compounds are capable of reducing tumor cell metastasis and intra-bone growth in vivo. This suggests that the PROAM02 class of compounds might be beneficial in both early stage, high-risk organ-confined tumors and in later stages of metastatic disease. However, for the clinical application of these compounds, additional safety, toxicity and efficacy studies are required, and the optimal routes of administration have to be identified.




4. Materials and Methods


4.1. Library Screening Strategy


Bladder cancer cells (T24 and UM-UC-3luc2); breast cancer cells (MDA-MB-231, MDA-MB-231luc and MDA-MB-231/CAGAluc2); pancreatic cancer cells (PANC-1); prostate cancer cells (DU145, PC-3, PC-3M-Pro4luc and PC-3M-Pro4luc2); E-cadherin reporter lines T24-pEcad-luc/Rluc and PC-3-pEcad-luc/Rluc and murine fibroblasts (3T3) were cultured as described in Table S1. Cell lines were propagated for no more than 6 months or 30 passages after resuscitation from stocks. Cell lines were frequently tested for Mycoplasma infection, using a Mycoplasma specific PCR. Cell lines were authenticated using the PowerPlex 21 System (Promega, Madison, WI, USA) by Eurofins Genomics (Hamburg, Germany).




4.2. Reporter Construct


In order to establish a platform for high-throughput screening (HTS) of LMW compound libraries, the pEcad-Fluc/Rluc reporter construct was used to generate stable human bladder cancer cell line T24 (E-cadherin-negative) and human prostate cancer cell line PC-3 (E-cadherin intermediate-positive) [11]. In this reporter construct, the CDH1 (E-cadherin) gene promoter was fused in front of the Photinus pyralis luciferase gene (Fluc). A constitutively active Renilla luciferase reporter (Rluc) was used as an internal control (Table S1 and Figure S1). FuGENE-6 transfection reagent was used for the transfections according to manufacturer’s protocols (Promega).




4.3. Screening Strategy of Compound Libraries


The compound library was provided by Specs (Zoetermeer, The Netherlands). The library was composed of approximately 44,475 small molecular weight compounds and was stored in dimethyl sulfoxide (DMSO) at 10 mM per compound in 96-well plates at −20 °C. Four LMW compound libraries were selected from the Specs screening library for their drug-like properties and their diversity among each other. In the primary screening round, libraries I and II were tested by performing single luciferase assays in T24/pEcad-luc/Rluc. Next, a secondary screen was executed by performing dual luciferase assays on T24/pEcad-luc/Rluc and PC-3/pEcad-luc/Rluc. During the third screening round, libraries III and IV were tested by performing dose-response luciferase assays on T24/pEcad-luc/Rluc and PC-3/pEcad-luc/Rluc cells and invasion assays on DU145, PC-3, T24, MDA-MB-231 and Panc-1 cells.




4.4. Luciferase Reporter Assays


Two-thousand five hundred T24/pEcad-luc/Rluc (clone 1.c.4) or PC-3/pEcad-luc/Rluc (clone 2.b.4) cells were seeded in a 96-well culture plate. Three days later, growth medium was replaced by LMW compound-containing growth medium in a final concentration ranging from 1.0 nM to 10 µM or vehicle (≤0.1% DMSO)-containing medium. After 16 h of treatment, the medium was removed, and the cells were rinsed once with PBS. Single and dual luciferase reporter assays were performed, according to the manufacturer’s instructions (Promega), and luciferase activity was measured on a Victor3 Multilabel Counter (PerkinElmer, Waltham, MA, USA). In dual luciferase assays, Firefly luciferase activity was normalized to Renilla luciferase activity. The fold induction in luciferase activity was calculated relative to vehicle (DMSO)-treated cells. Data were analyzed with GraphPad Prism 8 software to determine EC50 values of the compounds using a nonlinear fit sigmoidal dose-response curve.




4.5. Cell Invasion Assays


Invasion assays were performed using BioCoat Matrigel Invasion Chambers (Corning, Corning, New York, NY, USA), according to the manufacturer’s instructions. Prior to the invasion assay, cells were incubated in the presence of a compound (10 µM) for four days. Pretreated cells (40,000) were seeded into the invasion chambers in serum-free medium. Compound or vehicle (DMSO) was added to the cells in the upper chamber. The invasion chambers were placed in a 24-well plate containing 500-µL medium with 10% fetal calf serum as a chemo-attractant. As a growth control, the same number of cells was seeded onto the surface of a 24-well culture plate. After 48 h of incubation, noninvading cells remaining above the insert were removed by aspiration and cleaning with cotton swabs. To quantify the total amount of invaded cells, the invasion chamber was then put into CellTiter-Glo Luminescent Cell Viability Reagent (Promega, Madison, WI, USA) and mixed for two minutes on a plate shaker. Luminescent activity was measured on a Victor3 Multilabel Counter (PerkinElmer, Waltham, MA, USA). The percentage of cell invasion was calculated as the luminescence on the lower part of the membrane divided by the total luminescence of cells grown on the surface of a 24-well culture plate. Inhibition of cell invasion by a specific compound was calculated relative to vehicle (DMSO)-treated cells.




4.6. Clonogenic Assays


In order to investigate the effect of the compounds on the clonogenic capacity, 100 cells were seeded per well in a 6-well plate. After 24 h, the cells were treated with 5 µM of the compounds. After 15–20 days, colonies were fixed with 4% paraformaldehyde (PFA) and subsequently stained with crystal violet. The percentage area covered by colonies was measured by using a colony plugin tool for ImageJ, and the number of colonies was counted.




4.7. Migration and Proliferation Assays


Migration and proliferation assays were performed as previously described [35]. For proliferation assays, 1500 cells were seeded in a 96-well plate, and 24 h later, the cells were treated with 5 μM of the compounds. After 72 h, 20 μL of 3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTT) (Promega, Madison, WI, USA) was added to each well. After two hours of incubation, mitochondrial activity was measured at 490 nm on a SpectraMax plate reader.



For the migration assay, cells were starved in medium supplemented with 0.3% serum (starvation medium) overnight. The next day, 60,000 cells were seeded in the presence of a LMW compound in the upper compartment of a Transwell chamber (8 µm, Corning, Corning, New York, NY, USA) in 200-µL starvation medium. Three hundred microliters of medium were added to the lower compartment of the Transwell chamber. After 24 h, the migration assay was stopped, cells were stained with 0.1% crystal violet (Sigma, Saint Louis, MO, USA) and migrated cells were counted.




4.8. Phalloidin Staining


A total of 100,000 cells were seeded in 8-well glass chamber slides (Nunc Lab-Tek, Thermo Fisher Scientific, Waltham, MA, USA). After 24 h, cells were treated with 5-µM compounds. After 2 days, cells were fixed with 4% PFA and stained with 0.25-μmol/L phalloidin (Life Technologies, Carlsbad, CA, USA). DAPI was used for nuclear visualization. Representative images were made at 63× magnification (Leica SP8 confocal, Wetzlar, Germany).




4.9. RT-qPCR


Human prostate and bladder cancer cells PC-3M-Pro4luc2 and UM-UC-3luc2 were stimulated with 5-μM LMW compound for 24 or 48 h. Subsequently, total RNA was isolated with TRIzol (Invitrogen). cDNA was generated by using random primers (Promega, Madison, WI, USA), and qRT-PCR was performed by using SYBR Green (Bio-Rad, Hercules, CA, USA). Expression was normalized to GAPDH. Primer sequences can be found in Table S2.




4.10. TGF-β Dependent Reporter Assays


A stable reporter breast cancer cell line MDA-MB-231/CAGAluc2 was treated with 5-µM LMW compound and 0.1 ng/mL of TGF-β1 (R&D Systems, Minneapolis, MN, USA). After 24 h, luciferase activity was measured [14].



NIH-3T3 cells were transfected with the CAGA12 luciferase [36] and stimulated overnight with 10-µM PROAM02-0008 in the presence or absence of 1.0 ng/mL of TGF-β1 (R&D). Luciferase activity was measured according to the manufacture’s protocols (Bright-Glo Luciferase Assay, Promega, Madison, WI, USA).




4.11. In Vivo Experiments


Animal experiments were approved by the local committee for animal welfare of Leiden University (DEC) or the Dutch Central Committee on animal experiments (CCD) and carried out in accordance with the European Communities Council Directive 86/609/EEC (CCD_AVD116002016617, DEC_12127 and DEC_13051).



4.11.1. Preclinical Experimental Metastasis Model


Firefly luciferase-expressing PC-3M-Pro4luc or MDA-MB-231luc cells (1 × 105) in 100-µL PBS were inoculated into the left cardiac ventricle of five-week-old male (PC-3M-Pro4luc) or female (MDA-MB-231luc) immunodeficient BALB/c nu/nu mice (RRID:MGI:2160479) (n = 15 per group) [13,15]. Prior to inoculation of the cells and to all imaging procedures, mice were anesthetized by isoflurane. One day after inoculation, the mice were attributed to equal experimental groups based on body weight. The mice were treated by daily intraperitoneal administration with either 5 or 10 mg/kg/day of LMW compound or vehicle solution. Tumor progression and metastasis was monitored weekly by whole-body bioluminescent imaging (BLI) after intraperitoneal administration of 50-µL d-luciferin [13,15]. All the imaging was performed using the IVIS Lumina III (Caliper LifeSciences). Tumor burden was defined as relative light units (RLU). The number of metastases was defined after scoring the number of separate bioluminescent foci.




4.11.2. Preclinical Intraosseous Tumor Growth Model


To investigate the curative effect of LMW compounds on intraosseous growth, a single cell suspension of 2.5 × 105 firefly luciferase-expressing PC-3M-Pro4luc2 cells in 10-µL PBS was injected into the right tibiae in male 6-8-week-old BALB/c nu/nu (RRID:MGI:2160479) mice, as previously described (n = 10 per group) [16]. After 11 days, the mice were daily treated by intraperitoneal injection with 5 or 10 mg/kg of LMW compound or vehicle. Tumor progression was monitored weekly by performing BLI, as described above.





4.12. Statistical Analysis


Statistical analysis was performed with GraphPad Prism 8.0 (San Diego, CA, USA). Data is presented as mean ± SEM.





5. Conclusions


In conclusion, this study described the identification of selected PROAM02 LMW compounds as promising agents for the treatment of different types of aggressive epithelial cancers. Candidate molecules of the PROAM02 class of LMW compounds may represent an interesting strategy for the treatment of invasive tumors by inducing epithelial differentiation. More studies are warranted to determine the exact translational value and clinical feasibility of the selected candidate pharmacologic agents.




6. Patents


Onno van Hooij, Johan Tijhuis, Henk Viëtor and Jack A. Schalken are inventors on a patent on aminomethylene pyrazolones (WO2013/13193 A1).








Supplementary Materials


The following are available online at https://www.mdpi.com/1422-0067/22/4/1688/s1: Table S1: Overview of cell lines and cell culture conditions. Table S2: RT-qPCR primer sequences. Figure S1: Schematic presentation of the double-reporter construct pEcad-luc/Rluc for the high-throughput screening (HTS) assay. Figure S2: The dose-dependent effect of the LMW compounds on prostate cancer invasion in vitro. Figure S3: Effects of LMW compounds on cancer cell proliferation, organization of the actin cytoskeleton and clonogenicity. Figure S4: The effect of LMW compounds on bone metastasis formation and intraosseous tumor growth in vivo. Figure S5: LMW compound administration does not affect the body weight.





Author Contributions


Conceptualization, A.F.v.d.M., O.v.H., G.v.d.H., G.W.V., J.T., A.W., P.M., H.V., J.A.S. and G.v.d.P.; methodology, A.F.v.d.M., O.v.H., G.v.d.H., C.C.M.v.R.-v.d.W., M.H.v.d.M., H.C., J.K., G.W.V., P.M., J.A.S. and G.v.d.P.; validation, A.F.v.d.M., O.v.H., G.v.d.H., C.C.M.v.R.-v.d.W., M.H.v.d.M., H.C., J.K., G.W.V. and P.M.; formal analysis, A.F.v.d.M., O.v.H., G.v.d.H., C.C.M.v.R.-v.d.W., M.H.v.d.M., H.C., J.K., G.W.V. and P.M.; investigation, A.F.v.d.M., O.v.H., G.v.d.H., C.C.M.v.R.-v.d.W., M.H.v.d.M., H.C., J.K., G.W.V. and P.M.; resources, A.F.v.d.M., O.v.H., G.v.d.H., C.C.M.v.R.-v.d.W., M.H.v.d.M., G.W.V., P.M., J.A.S. and G.v.d.P.; writing—original draft preparation, A.F.v.d.M., O.v.H., G.W.V., P.M. and G.v.d.P.; writing—review and editing, G.v.d.H., J.K., J.T., A.W., H.V., J.A.S. and G.v.d.P.; visualization, A.F.v.d.M., O.v.H., G.v.d.H., C.C.M.v.R.-v.d.W., M.H.v.d.M., H.C., J.K., G.W.V. and P.M.; supervision, J.A.S. and G.v.d.P.; project administration, G.v.d.P. and funding acquisition, J.T., A.W., H.V., J.A.S. and G.v.d.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by EU sixth framework integrated project (Life Sciences, Genomics and Biotechnology for Health), Prostate Cancer Management Approach (PRIMA/504587), Dutch Cancer Society-KWF-Alpe D’HuZes (UL2014-7058) ‘Near-patient’ prostate cancer models for the assessment of disease prognosis and therapy response (PROPER), International Innovation Program (SenterNovem, Agentschap.nl, RvO), ‘Development of New Therapy for Prostate Cancer’ (PRONET), National Genomics Initiative (NGI)—PreSeed Grant and Eurostars EUREKA program.




Institutional Review Board Statement


The study was approved by the local committee for animal welfare of Leiden University (CCD_AVD116002016617; DEC12127 and DEC_13051).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon reasonable request from the corresponding author.




Acknowledgments


The authors would like to thank the Specs Research Laboratory for synthesis of the LMW compounds and formulation studies. In addition, the authors would like to thank Arjan van Caam, Eugenio Zoni, Lars in’t Veld, Irene Locher, Marleen Gerretsen and Kees Jansen for technical assistance during the project.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript or in the decision to publish the results.




References


	



Chaffer, C.L.; Weinberg, R.A. A perspective on cancer cell metastasis. Science 2011, 331, 1559–1564. [Google Scholar] [CrossRef] [PubMed]

	



Boekhorst, T.V.; Friedl, P. Plasticity of Cancer Cell Invasion-Mechanisms and Implications for Therapy. Adv. Cancer Res. 2016, 132, 209–264. [Google Scholar]

	



Nieto, M.A.; Huang, R.Y.; Jackson, R.A.; Thiery, J.P. EMT. Cell 2016, 166, 21–45. [Google Scholar] [CrossRef] [PubMed]

	



Scheel, C.; Weinberg, R.A. Cancer stem cells and epithelial-mesenchymal transition: Concepts and molecular links. Semin. Cancer Biol. 2012, 22, 396–403. [Google Scholar] [CrossRef]

	



Ye, X.; Weinberg, R.A. Epithelial-Mesenchymal Plasticity: A Central Regulator of Cancer Progression. Trends Cell Biol. 2015, 25, 675–686. [Google Scholar] [CrossRef] [PubMed]

	



Chaffer, C.L.; San Juan, B.P.; Lim, E.; Weinberg, R.A. EMT, cell plasticity and metastasis. Cancer Metastasis Rev. 2016, 35, 645–654. [Google Scholar] [CrossRef]

	



Beavon, I.R. The E-cadherin-catenin complex in tumour metastasis: Structure, function and regulation. Eur. J. Cancer (Oxf. Engl. 1990) 2000, 36, 1607–1620. [Google Scholar] [CrossRef]

	



Umbas, R.; Isaacs, W.B.; Bringuier, P.P.; Schaafsma, H.E.; Karthaus, H.F.; Oosterhof, G.O.; Debruyne, F.M.; Schalken, J.A. Decreased E-cadherin expression is associated with poor prognosis in patients with prostate cancer. Cancer Res. 1994, 54, 3929–3933. [Google Scholar]

	



Xie, Y.; Li, P.; Gao, Y.; Gu, L.; Chen, L.; Fan, Y.; Zhang, F.; Zhang, X. Reduced E-cadherin expression is correlated with poor prognosis in patients with bladder cancer: A systematic review and meta-analysis. Oncotarget 2017, 8, 62489–62499. [Google Scholar] [CrossRef]

	



Berx, G.; Jansen, C.A.M.; Strumane, K.; de Leeuw, W.J.; Nollet, F.; Roy, V.F.; Cornelisse, C. E-cadherin is inactivated in a majority of invasive human lobular breast cancers by truncation mutations throughout its extracellular domain. Oncogene 1996, 13, 1919–1925. [Google Scholar]

	



van Kampen, J.G.M.; van Hooij, O.; Jansen, C.F.; Smit, F.P.; van Noort, P.I.; Schultz, I.; Schaapveld, R.Q.J.; Schalken, J.A.; Verhaegh, G.W. miRNA-520f Reverses Epithelial-to-Mesenchymal Transition by Targeting ADAM9 and TGFBR. Cancer Res. 2017, 77, 2008–2017. [Google Scholar] [CrossRef]

	



Buijs, J.T.; Rentsch, C.A.; van der Horst, G.; van Overveld, P.G.; Wetterwald, A.; Schwaninger, R.; Henriquez, N.V.; Ten Dijke, P.; Borovecki, F.; Markwalder, R.; et al. BMP7, a putative regulator of epithelial homeostasis in the human prostate, is a potent inhibitor of prostate cancer bone metastasis in vivo. Am. J. Pathol. 2007, 171, 1047–1057. [Google Scholar] [CrossRef] [PubMed]

	



van den Hoogen, C.; van der Horst, G.; Cheung, H.; Buijs, J.T.; Pelger, R.C.; van der Pluijm, G. The aldehyde dehydrogenase enzyme 7A1 is functionally involved in prostate cancer bone metastasis. Clin. Exp. Metastasis 2011, 28, 615–625. [Google Scholar] [CrossRef]

	



Buijs, J.T.; van der Horst, G.; van den Hoogen, C.; Cheung, H.; de Rooij, B.; Kroon, J.; Petersen, M.; van Overveld, P.G.; Pelger, R.C.; van der Pluijm, G. The BMP2/7 heterodimer inhibits the human breast cancer stem cell subpopulation and bone metastases formation. Oncogene 2012, 31, 2164–2174. [Google Scholar] [CrossRef] [PubMed]

	



Buijs, J.T.; Henriquez, N.V.; van Overveld, P.G.; van der Horst, G.; Que, I.; Schwaninger, R.; Rentsch, C.; Ten Dijke, P.; Cleton-Jansen, A.M.; Driouch, K.; et al. Bone morphogenetic protein 7 in the development and treatment of bone metastases from breast cancer. Cancer Res. 2007, 67, 8742–8751. [Google Scholar] [CrossRef] [PubMed]

	



van den Hoogen, C.; van der Horst, G.; Cheung, H.; Buijs, J.T.; Lippitt, J.M.; Ramirez, G.N.; Hamdy, F.C.; Eaton, C.L.; Thalmann, G.N.; Cecchini, M.G.; et al. High aldehyde dehydrogenase activity identifies tumor-initiating and metastasis-initiating cells in human prostate cancer. Cancer Res. 2010, 70, 5163–5173. [Google Scholar] [CrossRef]

	



van der Pluijm, G. Epithelial plasticity, cancer stem cells and bone metastasis formation. Bone 2011, 48, 37–43. [Google Scholar] [CrossRef]

	



Khan, M.I.; Hamid, A.; Adhami, V.M.; Lall, R.K.; Mukhtar, H. Role of epithelial mesenchymal transition in prostate tumorigenesis. Curr. Pharm. Des. 2015, 21, 1240–1248. [Google Scholar] [CrossRef]

	



van der Horst, G.; Bos, L.; van der Pluijm, G. Epithelial plasticity, cancer stem cells, and the tumor-supportive stroma in bladder carcinoma. Mol. Cancer Res. MCR 2012, 10, 995–1009. [Google Scholar] [CrossRef]

	



Garg, M. Urothelial cancer stem cells and epithelial plasticity: Current concepts and therapeutic implications in bladder cancer. Cancer Metastasis Rev. 2015, 34, 691–701. [Google Scholar] [CrossRef]

	



McConkey, D.J.; Choi, W.; Marquis, L.; Martin, F.; Williams, M.B.; Shah, J.; Svatek, R.; Das, A.; Adam, L.; Kamat, A.; et al. Role of epithelial-to-mesenchymal transition (EMT) in drug sensitivity and metastasis in bladder cancer. Cancer Metastasis Rev. 2009, 28, 335–344. [Google Scholar] [CrossRef] [PubMed]

	



Fedele, M.; Cerchia, L.; Chiappetta, G. The Epithelial-to-Mesenchymal Transition in Breast Cancer: Focus on Basal-Like Carcinomas. Cancers (Basel) 2017, 9, 134. [Google Scholar] [CrossRef]

	



Beuran, M.; Negoi, I.; Paun, S.; Ion, A.D.; Bleotu, C.; Negoi, R.I.; Hostiuc, S. The epithelial to mesenchymal transition in pancreatic cancer: A systematic review. Pancreatol. Off. J. Int. Assoc. Pancreatol. (IAP) 2015, 15, 217–225. [Google Scholar] [CrossRef]

	



Sarkar, F.H.; Li, Y.; Wang, Z.; Kong, D. Pancreatic cancer stem cells and EMT in drug resistance and metastasis. Minerva Chir. 2009, 64, 489–500. [Google Scholar]

	



Giannelli, G.; Koudelkova, P.; Dituri, F.; Mikulits, W. Role of epithelial to mesenchymal transition in hepatocellular carcinoma. J. Hepatol. 2016, 65, 798–808. [Google Scholar] [CrossRef]

	



Jayachandran, A.; Dhungel, B.; Steel, J.C. Epithelial-to-mesenchymal plasticity of cancer stem cells: Therapeutic targets in hepatocellular carcinoma. J. Hematol. Oncol. 2016, 9, 74. [Google Scholar] [CrossRef] [PubMed]

	



Behnsawy, H.M.; Miyake, H.; Harada, K.; Fujisawa, M. Expression patterns of epithelial-mesenchymal transition markers in localized prostate cancer: Significance in clinicopathological outcomes following radical prostatectomy. BJU Int. 2013, 111, 30–37. [Google Scholar] [CrossRef]

	



Mitra, A.; Mishra, L.; Li, S. EMT, CTCs and CSCs in tumor relapse and drug-resistance. Oncotarget 2015, 6, 10697–10711. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.N.; Lee, W.W.; Wang, C.Y.; Chao, T.H.; Chen, Y.; Chen, J.H. Regulatory mechanisms controlling human E-cadherin gene expression. Oncogene 2005, 24, 8277–8290. [Google Scholar] [CrossRef]

	



Mladinich, M.; Ruan, D.; Chan, C.H. Tackling Cancer Stem Cells via Inhibition of EMT Transcription Factors. Stem Cells Int. 2016, 2016, 5892. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.N.; Yin, J.J.; Kheir, A.W.; Hynes, P.G.; Casey, O.M.; Fang, L.; Yi, M.; Stephens, R.M.; Seng, V.; Tillman, S.H.; et al. MiR-1 and miR-200 inhibit EMT via Slug-dependent and tumorigenesis via Slug-independent mechanisms. Oncogene 2013, 32, 296–306. [Google Scholar] [CrossRef] [PubMed]

	



Williams, L.V.; Veliceasa, D.; Vinokour, E.; Volpert, O.V. miR-200b inhibits prostate cancer EMT, growth and metastasis. PLoS ONE 2013, 8, 3991. [Google Scholar] [CrossRef]

	



An, H.; Stoops, S.L.; Deane, N.G.; Zhu, J.; Zi, J.; Weaver, C.; Waterson, A.G.; Zijlstra, A.; Lindsley, C.W.; Beauchamp, R.D. Small molecule/ML327 mediated transcriptional de-repression of E-cadherin and inhibition of epithelial-to-mesenchymal transition. Oncotarget 2015, 6, 22934–22948. [Google Scholar] [CrossRef] [PubMed]

	



Adhikary, A.; Chakraborty, S.; Mazumdar, M.; Ghosh, S.; Mukherjee, S.; Manna, A.; Mohanty, S.; Nakka, K.K.; Joshi, S.; De, A.; et al. Inhibition of epithelial to mesenchymal transition by E-cadherin up-regulation via repression of slug transcription and inhibition of E-cadherin degradation: Dual role of scaffold/matrix attachment region-binding protein 1 (SMAR1) in breast cancer cells. J. Biol. Chem. 2014, 289, 25431–25444. [Google Scholar] [CrossRef] [PubMed]

	



Zoni, E.; van der Horst, G.; van de Merbel, A.F.; Chen, L.; Rane, J.K.; Pelger, R.C.; Collins, A.T.; Visakorpi, T.; Jagalska, S.B.E.; Maitland, N.J.; et al. miR-25 Modulates Invasiveness and Dissemination of Human Prostate Cancer Cells via Regulation of αv- and α6-Integrin Expression. Cancer Res. 2015, 75, 2326–2336. [Google Scholar] [CrossRef]

	



Dennler, S.; Itoh, S.; Vivien, D.; ten Dijke, P.; Huet, S.; Gauthier, J.M. Direct binding of Smad3 and Smad4 to critical TGF beta-inducible elements in the promoter of human plasminogen activator inhibitor-type 1 gene. EMBO J. 1998, 17, 3091–3100. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 01688 g001 550] 





Figure 1. Overview of the screening strategy for the identification of candidate low molecular weight (LMW) compounds (A) Three screening rounds were performed with four compound libraries. Initially, libraries I and II were tested in E-cadherin-negative human bladder cancer T24 cells that express the Ecad-Fluc/Rluc reporter construct. In the secondary screen, a dual luciferase assay was performed in PC-3 (E-cadherin intermediate-positive) and T24 (E-cadherin-negative) cells that express the Ecad-Fluc/Rluc reporter construct. Compounds identified in the primary screening round and compounds from libraries III and IV were used. During the third round of screening, dose-response dual luciferase assays were performed in both reporter models. In addition, invasion assays were performed in multiple human cancer cell lines, including DU145, PC-3, T24, MDA-MB-231 and Panc-1 cells. Firefly luciferase-positive wells are indicated in yellow, and Renilla luciferase-positive wells are depicted in green. Excluded wells are depicted in red boxes due to aberrant Renilla luciferase values. (B) Overview of the number of compounds tested and identified in the three screening rounds. N.D. = not determined. 
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Figure 2. LMW compounds induce E-cadherin reporter activity and reduce invasion in vitro. (A) PC-3 and T24 cells were treated with a dose range of LMW compounds. E-cadherin luciferase reporter induction was measured, and EC50 values were calculated. (B) The effect of LWM compounds (10 µM) on cell invasion in PC-3, DU145 and Panc-1 cells. (C) Invasion assays in T24 and MDA-MB-231 cells after treatment with 10-µM PROAM02-0008 * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 (N = 2, mean ± SEM, one-way ANOVA and t-test). 
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Figure 3. LMW compounds reduce the mRNA expression of mesenchymal markers and decrease Smad2/3-dependent TGF-β reporter activity. (A) PC-3M-Pro4luc2 and UM-UC-3luc2 cells were stimulated with 5-µM LMW compounds, and mRNA expression was assessed after 24 and 48 h. The LMW compounds reduced the expression of vimentin, N-cadherin, SNAI1 and ZEB1 in a time-dependent manner. (B) The effect of LMW compound PROAM02-0008 alone or combined with TGF-β stimulation on the Smad2/3-dependent CAGA-Firefly luciferase reporter activity in human breast cancer cells MDA-MB-231. (C) The effect of PROAM02-0008, alone or in combination with TGF-β, on the stimulation of CAGA12-Firefly luciferase reporter activity in murine 3T3 fibroblasts. Asterisks indicate vehicle vs. TGF-β1 treatment, and dollar signs indicate basal TGF-β compared to compound + TGF-β1 treatment). ** p < 0.01, **** p < 0.0001 and $$$$ p < 0.0001 (N = 2, mean ± SEM, two-way ANOVA). 
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Figure 4. LMW compounds reduce tumor progression and experimental bone metastasis in vivo. (A) The effects of daily treatment with the LMW compounds on skeletal metastasis formation in male nude mice after intracardiac inoculation of human prostate cancer cells PC-3M-Pro4 that stably expresses Firefly luciferase. Total tumor burden was assessed by whole-body optical imaging. Total acquired data was log-transformed and normalized to mice receiving vehicle treatment. (B) The effect of 5-mg/kg/day PROAM02-0008 on the formation of prostate cancer metastasis in vivo. (C) The preventive effect of 5-mg/kg/day PROAM02-0008 on bone metastasis by MDA-MB-231 cells that stably and constitutively express Firefly luciferase. (D) The curative effect of 5-mg/kg PROAM02-0008 on the intraosseous growth of human prostate cancer cells. Representative BLI images of mice are shown. Mean tumor burden ± SEM, two-way ANOVA. ** p < 0.01 and *** p < 0.001. 
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