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Epithelial to mesenchymal transition (EMT) is a cellular program that converts non-motile epithelial cells into invasive mesenchymal cells. EMT is implicated in cancer metastasis, chemo-resistance, cancer progression, and generation of cancer stem cells (CSCs). Inducing mesenchymal to epithelial transition (MET), the reverse phenomenon of EMT, is proposed as a novel strategy to target triple negative and tamoxifen-resistant breast cancer. Triple negative breast cancer (TNBC) is characterized by the loss of hormone receptors, a highly invasive mesenchymal phenotype, and a lack of targeted therapy. Estrogen receptor-positive breast cancer can be targeted by tamoxifen, an ER antagonist. However, these cells undergo EMT over the course of treatment and develop resistance. Thus, there is an urgent need to develop therapeutic interventions to target these aggressive cancers. In this study, we examined the role of novel diphenylamine analogs in converting the mesenchymal phenotype of MDA-MB-231 TNBC cells to a lesser aggressive epithelial phenotype. Using analog-based drug design, a series of diphenylamine analogs were synthesized and initially evaluated for their effect on E-cadherin protein expression and changes incell morphology, which was quantified by measuring the spindle index (SI) value. Selected compound 1 from this series increases the expression of E-cadherin, a primary marker for epithelial cells, and decreases the mesenchymal markers SOX2, ZEB1, Snail, and vimentin. The increase in epithelial markers and the decrease in mesenchymal markers are consistent with a phenotypic switch from spindle-like morphology to cobblestone-like morphology. Furthermore, Compound 1 decreases spheroid viability, cell migration, and cell proliferation in triple negative BT-549 and tamoxifen-resistant MCF-7 breast cancer cells.
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INTRODUCTION

Breast cancer is the most common cancer in women1. Approximately 10-20% of breast cancers are triple-negative breast cancer (TNBC) (1). TNBC cells do not express estrogen, progesterone, or HER2 (human epidermal growth factor receptor 2) receptors, do not respond to traditional endocrine therapy, and require a more aggressive chemotherapeutic strategy (2). Unfortunately, only 50% of patients with TNBC respond to chemotherapy (3). After decades of drug-discovery efforts, there is no preferred drug approved for the treatment of TNBC (4). While estrogen positive breast cancer can be targeted with ER antagonists such as tamoxifen, about 30% patients develop resistance to the therapy and the recurrent tumors require more rigorous treatment (5). Therefore, exploration of new therapies is warranted in such aggressive cancers.

Epithelial to mesenchymal transition (EMT) is a reversible cellular process where cobblestone-like, less motile differentiated epithelial cells undergo morphological changes to acquire a more mobile invasive mesenchymal-like phenotype (6–8). Data from two independent studies indicate that reduction in E-cadherin expression is a critical event in the metastases and recurrence of aggressive lobular breast carcinomas (9, 10). Decreased expression of E-cadherin is mediated by mesenchymal-associated transcription factors including Snail, Slug, and zinc finger E-box binding homeobox1 (ZEB1) (11, 12). Even though less is known about the reversion from a mesenchymal-like cell type to an epithelial-like phenotype and re-expression of E-cadherin (13), recent studies highlight the potential of MET as an effective anti-cancer strategy (14–16).

Increasing evidence suggests that EMT plays an instrumental role in breast cancer metastasis (17–20). Considering the central role of EMT in cancer progression, targeting EMT represents an attractive approach to treat cancer (21). Additionally, EMT is proposed to play a central role in the development of cancer stem-like cells (22, 23) and chemo-resistance (24). Most invasive cancers, including triple negative (TNBC) and tamoxifen resistant (TAMR) breast cancers have a mesenchymal phenotype. Induction of the MET program by small molecules therefore represents a practical and viable approach for treating these cancers (14–16).

While most small-molecule kinase inhibitors target the ATP-binding pocket, several novel diphenylamine derivatives were synthesized to target an allosteric site of MEK5 (25). Targeting allosteric pockets of kinases may offer reduced resistance and greater kinase selectivity (26). Compound 1 was identified to target the EMT axis in MDA-MB-231 cells and attenuate the tumorigenic characteristics of cancer cells in several in vitro assays. The highly invasive MDA-MB-231 cell line (TNBC) was utilized, as it consists of more than 90% of high CD44+/CD24−/low stem cells (27), and has high expression of mesenchymal markers including vimentin, Snail, Slug, and cadherin 11. Structural variations of the diphenylamine structure were conducted with the goal of determining if the observed MET arose from discrete chemical/physical properties tractable to lead optimization vs. bulk chemical properties. We proposed two strategies to quantify the activity of diphenylamine derivatives for inducing mesenchymal to epithelial transition in these cells: (i) upregulation of the epithelial marker E-cadherin and (ii) phenotypic switch from mesenchymal to epithelial after treatment with structural analogs of compound 1 as indicated by reduction in spindle index. To our knowledge, this is the first time a series of novel diphenylamine analogs are shown to induce MET in TNBC. Compounds that induce E-cadherin protein expression and alter the mesenchymal cell morphology to epithelial, as indicated by the reduction in the spindle index, are termed as “MET-activators.” Given the structures of the active compounds (two aromatic rings separated by a heteroatom), a survey of established drugs and endogenous compounds was conducted to see if prior compounds with structural similarities possessed similar ability to induce MET. Tolfenamic acid and thyroid hormones also contain two aromatic rings connected by a single heteroatom and they therefore were also evaluated for MET activity (Supplemental Figure 1). Sulindac and Meloxicam (NSAIDs) were chosen because they possess anti-cancer activities by inhibiting EMT (28, 29).

The lead molecule, analog 1, was further tested in TNBC cell lines (MDA-MB-231 and BT-549) and tamoxifen-resistant (TAMR) MCF-7 breast cancer cell lines and found to decrease spheroid formation, cell migration, and cell proliferation in vitro. Additionally, we have previously shown that compound 1, inhibits TNBC tumorigenesis in vivo (25).

METHODS AND MATERIALS

Cell Culture and Reagents

MDA-MB-231, BT-549, and MCF-7 cells were obtained from American Type Culture Collection (ATCC). MDA-MB-231 cells were maintained in Dulbecco's Modified Eagle Medium and Ham F-12 (1:1), BT-549 and MCF-7 cells were maintained in RPMI-1640 medium supplemented with 5% FBS (Gibco) and 0.5% Pen Strep (Gibco) in a humified atmosphere containing 5% CO2 at 37°C.

Generation of Tamoxifen-Resistant MCF-7 Cell Line

The MCF-7 cells were cultured in phenol red-free RPMI-1640 media and 5% charcoal-stripped FBS (to remove endogenously expressed protein growth factors present in the media) in the presence of DMSO or (Z)-4-Hydroxytamoxifen (4-OHT) (Sigma-Aldrich Cat. No. H7904) at a concentration of 0.1 μM for 6 months.

Crystal Violet Staining

The cells were seeded at a density of 50,000 cells/well in a 12-well plate, treated with 1 μM concentration of compounds after 24 h, and allowed to grow for 5 days after treatment. At the end-point, media was aspirated and cells were washed with PBS. The cells were then fixed with 100 μl 4% paraformaldehyde per well for 15 min. The cells were washed once with PBS and stained with 50 μl crystal violet per well for 15 min. The cells were washed with 100 μl PBS three times. Pictures were taken using EVOS™ FL inverted microscope (Life Technologies) under 10X magnification.

Spindle Index Calculation

Spindle indices (SI) of individual cells were calculated from at least 200 cells per treatment from a minimum of three images as the ratio of length (l) to width (w); SI = l/w of each cell. Cells with SI < 3 were considered as epithelial. The percentage of cells <3 were calculated as the ratio of the number of cells with spindle index <3 to the total number of cells per image. The method was adopted from reference (30). Length and width were measured using the Image J software, U. S. National Institutes of Health, Bethesda, Maryland, USA.

Western Blot Analysis

Cells were seeded in 12-well plates at a seeding density of 50,000 cells per well in 1 mL full media and treated with compounds after 24 h at a 1 μM concentration. The cells were lysed in 1X ice-cold RIPA buffer (Cell Signaling Technology Cat. No. 9803S) and protease inhibitor cocktail (Cell Signaling Technologies Cat. No. 5871S). The proteins were resolved using 8% SDS polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (LI-COR Biosciences; Lincoln, NE). The membranes were blocked for 1 h at room temperature and incubated at 4°C overnight with E-cadherin, ZEB1, Snail, Slug, primary antibodies, Cell Signaling EMT Antibody Sampler Kit (1:1000, Catalog No. 9782S), SOX2 antibody (1:1000, Millipore, Cat. No. AB5603S), and α-tubulin (1:10000; Cell Signaling Technology, Cat. No. 2144). The antibodies were diluted in casein blocking buffer (LI-COR Biosciences). The membranes were washed thrice with wash buffer (PBS 1X, Tween 0.02%). The membranes were incubated with goat anti-rabbit (1:10000, Invitrogen) and goat anti-mouse (1:10000, Invitrogen) secondary antibodies for 1 h. Membranes were washed thrice with the PBS-tween wash buffer and scanned on an LI-COR's Odyssey CLx Imager at 700 nm (goat anti-rabbit) and 800 nm (goat anti-mouse). The blots were quantified with Image Studio Software. Results are represented as protein expression of treated group vs. DMSO control as ± SEM of experiments repeated at least three times.

Colony Formation Assay

Colony formation was performed using a Soft Agar Colony Formation assay (Cell Biolabs; CBA-130) manufacturer's protocol. Base agar layer was added first. MDA-MB-231 cells were cultured in 5% FBS growth media and 1.2% agar solution at a seeding density of 5,000 cells/well. DMSO or compound 1 at 0.1, 1, and 10 μM concentrations were added on the top of cell layer. The colonies were seeded to grow for 7 days. The agar layer was then solubilized, colonies were lysed, and stained with CyQuant dye. Florescence was measured on VICTOR3 1420 Perkin Elmer multi-label counter at 485 nm.

Spheroid Culture

Cells were cultured in 96-well low attachment plates (Corning Cat. No. 4520) at a seeding density of 5,000 cells/ well. DMSO or compound 1 at 0.1, 1, and 10 μM concentrations was added after 24 h. Pictures were taken using the EVOS™ FL inverted microscope (Life Technologies) under 4X magnification. At the time of treatment and after 7 days from the time of treatment. After 7 days of treatment, 10 μl of Reliablue viability reagent (ATCC® 30-1014™) was added to each well. The plates were incubated for 3 h in the incubator at 37°C. The absorbance was measured at a wavelength of 570 nm using Wallac 1420 software on a Perkin Elmer 1640 multi-label counter. Results are represented as spheroid viability normalized to DMSO control ± SEM of triplicate experiments.

Scratch Assay

Cell migration was assessed using a scratch assay after treatment with DMSO or compound 1 at 0.1, 1, and 10 μM concentrations for 72 h. Cells were seeded in 12-well plates at a seeding density of 50,000 cells/ well in 1 ml full media in the presence of 5% FBS. Scratches were made after 48 h of the treatment. Images were taken at the time of scratch and after 24 h from the time of scratch. The current scheme of treatment was employed to observe the effect of the treatment on cell migration at a longer time-point. The images and scheme of treatment are included in the Supplemental Figure 3. The closure rates were calculated as Wound closure = (border width at 24 h-border width at 0 h) X 100. Results are represented as wound closure normalized to DMSO control ± SEM of triplicate experiments repeated three times.

Immunofluorescence Assay

Cells were plated at a density of 5,000 cells/well in a 96-well plate and treated with increasing concentrations of compound 1 (0.1, 1, and 10 μM). After 72 h of treatment, cells were fixed with 4% paraformaldehyde for 15 min and blocked for 1 h with 0.3% Triton-X solution. The primary antibody rabbit Ki67 antibody (1:1000, Cell Signaling Technology) was applied to stain the proliferating cells, and the cells were incubated overnight at 4°C. The cells were subsequently washed three times, incubated for 1 h with goat anti-mouse Alexa Flour 488 nm and goat anti-Rabbit Alexa Flour 555 nm (1:1000, Invitrogen), and counterstained with Hoechst (Fisher) to visualize the nucleus. The plate was imaged with the EVOS™ FL inverted microscope (Life Technologies) under 10X magnification. The proliferative index was calculated as the ratio of number of Ki67+ cells to the number of Hoechst+ cells. Results are represented as cell proliferation normalized to DMSO control ± SEM of triplicate experiments repeated three times.

Cell Viability Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to determine cell viability. Cells were seeded at a density of 5,000 per well in 96-well plates containing 90 μl of full media for 24 h and then treated with 1 μM compound for 72 h. After treatment, 10 μL of MTT (Acros, Cat. No. 298-93-1) solution (5 mg/ml in phosphate-buffered saline, PBS) was added to each well and incubated at 37°C for 3 h. After removal of the MTT solution, 100 μl of DMSO was added to the wells for 10 min under agitation to dissolve the formazan crystals. Absorbance was measured at a wavelength of 570 nm using Wallac 1420 software on a Perkin Elmer 1640 multilabel counter. Results are represented as cell viability normalized to DMSO control ± SEM of triplicate experiments repeated three times (Supplemental Figure 4).

Statistical Analyses

Two-tailed Student's unpaired t-test was used in statistical analyses that involved a comparison between treated (diphenylamine derivatives) and control (DMSO) groups (fold change, E-cadherin and spindle index). If p-values were below 0.05, differences were considered significant. Data represent ± SEM of at least three independent experiments. One-way analysis of variance (ANOVA) with Bonferroni post-hoc correction was used to examine concentration-dependent effect of compound 1 on cell viability, proliferation, spheroid viability, and cell motility. Two-tailed Pearson correlation analysis and linear regression was used for correlation studies. Statistical analyses were performed using GraphPad Prism version 7.03 for Windows, GraphPad Software, La Jolla California USA.

RESULTS

Compound 1 Induces MET and Decreases Colony Formation, Cell Migration, Spheroid Formation, and Cell Proliferation in MDA-MB-231 Cells

At 1 μM concentration, Compound 1 (Figure 1A) increases E-cadherin protein expression vs. non-treated cells by a factor of 10 and decreases expression of mesenchymal markers ZEB1, Snail, and vimentin in MDA-MB-231 cells (Figures 1B,C). Moreover, compound 1 decreases the protein expression of stem cell marker SOX2 (Figure 1C) and colony formation (Figure 1D). The effects of compound 1 on MET are consistent with concentration-dependent reduction in cell migration (Figure 1E), and spheroid formation (Figure 1F) in MDA-MB-231 cells, which are important assays for studying MET. Additionally, compound 1 significantly inhibits cell proliferation, determined by immunofluorescence staining for Ki67 and Hoechst (Figures 1G–J) in MDA-MB-231 cells.
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FIGURE 1. Compound 1 induces MET and decreases colony formation, cell migration, and spheroid formation in MDA-MB-231 cells. (A) Structure of compound 1. (B) Western blot of epithelial marker E-cadherin, mesenchymal markers Vimentin, Snail, and ZEB1, and stemness marker SOX2 in MDA-MB-231 cells. (C) Quantification of protein expression of E-cadherin, ZEB1, vimentin, Snail, Slug, and SOX2. Data represent ± SEM **p < 0.01; ***p < 0.001; vs. DMSO control group determined by two-tailed Student's t-test. (D) Compound 1 inhibited MDA-MB-231 colony formation after 14 days of treatment in a concentration-dependent manner. Data represent ± SEM of experiments run in triplicate, *p < 0.05; **p < 0.01 vs. DMSO control group determined by one-way ANOVA with the Bonferroni post hoc test. (E) Wound closure was measured as a percentage of untreated DMSO control group (missing compound 1 at various conc here). *p < 0.05 vs. DMSO control group determined by one-way ANOVA with the Bonferroni post hoc test (MDA-MB-231 cells). (F) Quantification of the spheroid viability in MDA-MB-231 cells, values indicate ± SEM of three experiments run in triplicate. *p < 0.05 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test in MDA-MB-231 cells. (G) Immunofluorescence staining of Ki67, Hoechst, and α-tubulin in MDA-MB-231 cells treated with DMSO or compound 1 (1 μM), for 72 h, scale bar 200 μm. (H) Ki67+ cells decreased with increasing concentrations of compound 1. (I) Decrease in Hoechst+ cells with increasing concentrations (0.1, 1, 10 μM) of compound 1. (J) The proliferative fraction calculated as the ratio of Ki67+ cells to Hoechst+ cells at increasing concentration. Data represent ± SEM of three different experiments. **p < 0.01; ***p < 0.001 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test.



Identification of Diphenylamine Scaffold as an Activator of MET

Compound 1 (Figure 1A) increased the expression of epithelial marker E-cadherin and induced a phenotypic switch from spindle-like to cobblestone-like morphology. Collectively, these observations are consistent with a MET induction or EMT reversal. A structure-activity correlation was conducted to identify the atoms and functional groups essential for MET induction and to identify the most active MET inducers from our diphenylamine drug library. The compounds were tested on MDA-MB-231 cells and were initially analyzed for an increase in E-cadherin expression and change in morphology from mesenchymal to epithelial phenotype as indicated by a decrease in the spindle index. As shown in Figure 2, four locations of structural variations for the structure-activity relationship were chosen, and various substitutions were made. The increase in E-cadherin expression by diphenylamine analogs in MDA-MB-231 cells is shown in Figures 3A,B. The structural variations along with the E-cadherin fold change mean, SI values (30), and % cells with SI < 3 are summarized in Table 1.

1) Acyl side chain substitution (R1)

2) Arene 1 variations (R2 and R3)

3) Aniline “NH” hydrogen (R4)

4) Arene 2 variations (R5, R6, and R7)
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FIGURE 2. Identification of diphenylamine scaffold as an activator of MET.
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FIGURE 3. Novel diphenylamine analogs induce E-Cadherin protein expression in MDA-MB-231 cells (A,B). Western blot images of MDA-MB-231 cells treated with novel diphenylamine compounds at 1 μM concentration for 5 days. E-Cadherin protein expression is normalized to α-tubulin and the data are summarized in Table 1. (C) E-Cadherin expression after treatment with NSAIDs and thyroid hormones in MDA-MB-231 cells (5 days treatment at 1 μM concentration). (D) Increase in E-cadherin expression significantly correlates with the percentage of cells that exhibit a phenotypic switch. A positive correlation between E-Cadherin protein expression, compared to DMSO and an increase in percentage of cells with S.I < 3 was observed. Data was analyzed by two-tailed Pearson correlation. The correlation coefficient (rP) and significance (p-value) are indicated on the scatter plot.




Table 1. Effect of diphenylamine derivatives on E-Cadherin, mean spindle index, and % cells with SI<3 in MDA-MB-231 cells.
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At R1, E-cadherin expression order for amide variations was NHCH3 (2) > NH2 (1) > 4-Boc-piperazine (16) > piperazine (15) > N(CH3)2 (5) > N(C2H5)2 (4) > NHC2H5 (3) > N(CH3)C2H4N(CH3)2 (17) > 4-methylpiperazine (13; Table 1). E-cadherin expression was significantly upregulated after treatment with compounds 1, 2, 15, and 16, causing a >9-fold increase compared to DMSO. The 4-methyl piperazinyl derivative 13 was 3-fold less active when compared to parent compound 1. Removal of the 4-methyl group leads to 3-fold improvement in activity (compound 13 vs. 15). Moreover, the 4-Boc protected derivative 16 was more 3-fold more active than 13. Compounds 15 and 16, were equipotent to the parent compound 1. Ester 6 was about 5-fold less potent, and the acid (7) was 2-fold less active when compared to 1. Both neutral amides (1-5, 16) and basic side chain amides (15) were active in promoting MET consistent with significant functional group tolerance attached to the amide group.

Replacement of the R2 and R3 fluoro atoms with hydrogens led to a >3-fold decrease in the E-cadherin expression (1 vs. 8). Similarly, replacing the R4 hydrogen with a methyl group leads to a >3-fold reduction in the E-cadherin levels (1 vs. 9).

The Arene 2 substitution (R5, R6, and R7) showed significant change with atom replacement. Removal of either the iodo atom (11) at R6 or the fluoro atom (12) at R5results in a 3-fold decrease in E-cadherin expression as compared to 1. Furthermore, removal of both the groups seen in compound 10, E-cadherin was undetectable in our assays. These data suggest that the fluorine atom at R5 and the iodine atom at R6 are essential for MET induction. The analogs with substitutions at the R7 position were found to inactive (19–21). As mentioned before, since tolfenamic acid and thyroid hormones bear's structural resemblance to compound 1; sulindac and meloxicam inhibits EMT, a focused survey of these compounds was conducted for induction of E-cadherin expression. No increase in E-cadherin expression (Figure 3C) was noted for these compounds.

Increase in E-Cadherin Expression Correlates With a Phenotypic Switch in MDA-MB-231 Cells

Morphological switch from a spindle-like phenotype to a cobblestone-like phenotype is key characteristic of cells that undergo MET. Crystal violet staining was performed after 5 days of treatment to examine cell morphology. MDA-MB-231 cells undergo a phenotypic switch from mesenchymal to epithelial after treatment with diphenylamine derivatives (Supplemental Data Sheet 1, Figure 2). To quantitatively measure this MET, the spindle index (SI) was calculated. The compounds that increased E-cadherin protein expression significantly also altered the morphology of MDA-MB-231 cells from mesenchymal to epithelial; this was consistent with a significant reduction in the spindle index value. Cells with a SI < 3 were considered epithelial. Compounds that increased E-cadherin by at least 3-fold and that displayed >50% of the cells with a SI < 3 were described as MET activators (Figure 3D). The overall results show a direct correlation between the increase in E-cadherin with the decrease in spindle index (Figure 3D). The most potent MET activators from this series were analogs 1, 2, 15, and 16 (Table 1, and Figure 3D) inducing a more than 9-fold increase in E-cadherin as compared to DMSO (vehicle) and with a SI < 3. Combining increase in the E-cadherin expression with decrease in the SI; analogs 1 and 15 showed the best profile in increasing E-cadherin (10.5 and 9.1 fold increase respectively vs. 1 with DMSO), decreasing SI (2.2 and 1.9 respectively vs. 4.2 with DMSO) along with highest percentage of cells with SI < 3 (85.9 and 86.3% respectively vs. 30.5% with DMSO) and they were further tested in spheroid viability assay. Analog 18 was used as a negative control.

Effect of Compounds 18, 15, and 1 on Spheroid Viability

EMT is associated with resistance to anchorage-independent death “anoikis,” and metastasis (31). To evaluate the effect of diphenylamines on anoikis-resistant cells, MDA-MB-231 cells were grown in ultra-low-attachment plates to form spheroids. Compound 1 significantly decreased spheroid viability compared to DMSO, compound 18, and compound 15 (Figures 4A,B). The major conclusion from this experiment was that compound 1 was the best in-series. Hence its effects on spheroid formation, cell migration, and cell proliferation were further evaluated in BT-549 and TAMR MCF-7 cells, which also have a mesenchymal phenotype.
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FIGURE 4. Compound 1 and 15 decrease spheroid viability in MDA-MB-231 cells. (A) Spheroid formation in MDA-MB-231 cells after treatment with DMSO or compounds 18, 15, and 1 for 7 days of treatment. (B) Quantification of the spheroid viability in MDA-MB-231 cells, values indicate ± SEM of three experiments run in triplicate. ***p < 0.001, ****p < 0.0001 vs. control group, ###p < 0.001 compound 1 vs. compound 18 #p < 0.05 compound 1 vs. compound 15 determined by one-way ANOVA with the Bonferroni post hoc test in MDA-MB-231 cells.



Compound 1 Inhibits Spheroid Formation and Cell Migration in BT-549 and TAMR MCF-7 Cells

The cells were treated with 0.1, 1, and 10 μM concentrations of compound 1. Treatment with compound 1 led to a concentration-dependent reduction in spheroid viability after 7 days in BT-549 cells (Figures 5A,B) and TAMR MCF-7 cells (Figures 5D,E). At 1 μM concentration, compound 1 treatment decreased 51.55 and 72.91% spheroid viability in BT-549 (Figure 5B) and TAMR MCF-7 cells (Figure 5E), respectively. Additionally, compound 1 produced a concentration-dependent decrease in cell migration in both BT-549 (Figure 5C) and TAMR MCF-7 cells (Figure 5F).
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FIGURE 5. Compound 1 inhibits spheroid viability and cell migration in BT-549 and TAMR MCF-7 cells. (A) Spheroid formation in BT-549 cells after treatment with DMSO or compound 1 at 1 μM concentration for 7 days, scale bar 1,000 μm. (B) Quantification of the spheroid viability in BT-549 cells after treatment with compound 1 at increasing concentrations (0.1, 1, 10 μM) after 7 days of treatment, data represents ± SEM *p < 0.05; ***p < 0.001 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test in BT-549 cells. (C) Wound closure was measured after treatment with increasing concentrations (0.1, 1, 10 μM) of compound 1. The data is presented as a percentage of untreated DMSO control group. *p < 0.05 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test (BT-549 cells). (D) Spheroid formation in TAMR MCF-7 after treatment with DMSO or compound 1 at 1 μM concentration for 7 days, cells scale bar 1,000 μm. (E) Quantification of the spheroid viability after treatment with compound 1 at increasing concentrations (0.1, 1, 10 μM) after 7 days of treatment in TAMR MCF-7 cells, values indicate ± SEM of three experiments run in triplicate. *p < 0.05 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test in TAMR MCF-7 cells. (F) Wound closure was measured after treatment with increasing concentrations (0.1, 1, 10 μM) of compound 1. The data is presented as a percentage of untreated DMSO control group. *p < 0.05; ***p < 0.001 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test (TAMR MCF-7 cells).



Compound 1 Decreases Cell Proliferation in BT-549 and TAMR-MCF-7 Cells

Compound 1 produced a concentration-dependent decrease in proliferation in BT-549 cells (Figure 6A). A decrease in the number of Ki67+ (Figure 6B) and Hoechst+ (Figure 6C) was observed. The proliferative fraction was measured as the ratio of the number of Ki67+ to the number of Hoechst+ cells. There was a 67.9% reduction in cell proliferation at 10 μM concentration (Figure 6D). The anti-proliferative effect was more pronounced in the TAMR MCF-7 cells (Figure 6E) where we observed a significant decrease in the Ki67+ (Figure 6F) and Hoechst+ (Figure 6G) cell numbers. At 1 μM, there was 79.7% decrease in the proliferative fraction (Figure 6H).
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FIGURE 6. Compound 1 inhibits cell proliferation in BT-549 and TAMR MCF-7 cells. (A) Immunofluorescence staining of Ki67, Hoechst, and α-tubulin in BT-549 cells treated with DMSO or compound 1 (1 μM), for 72 h, scale bar 200 μm. (B) Ki67+ cells decreased with increasing concentrations (0.1, 1, 10 μM) of compound 1. (C) Decrease in Hoechst+ cells with increasing concentrations (0.1, 1, 10 μM) of compound 1. (D) The proliferative fraction calculated as the ratio of Ki67+ cells to Hoechst+ cells at increasing concentrations (0.1, 1, 10 μM) of compound 1. Data represent ± SEM of three different experiments. *p < 0.05 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test. (E) Immunofluorescence staining of Ki67, Hoechst, and α-tubulin in TAMR MCF-7 cells treated with DMSO or compound 1 (1 μM), for 72 h, scale bar 200 μm. (F) Ki67+ cells decreased with increasing concentrations (0.1, 1, 10 μM) of compound 1. (G) Decrease in Hoechst+ cells with increasing concentrations (0.1, 1, 10 μM) of compound 1. (TAMR MCF-7 cells) (H) The proliferative fraction calculated as the ratio of Ki67+ cells to Hoechst+ cells at increasing concentrations (0.1, 1, 10 μM) of compound 1 (TAMR MCF-7 cells). Data represent ± SEM of three different experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. control group determined by one-way ANOVA with the Bonferroni post hoc test.



DISCUSSION

Based on the discovery that compound 1 induced MET in MDA-MB-231 cells and reduced stemness, migration, and spheroid formation, we hypothesized that by performing analog-based drug design we would be able to identify the atoms or functional groups essential for the activity. This information would then be utilized in the design of second generation compounds to further improve MET activity. Our initial findings suggest that at R1 position amides (primary, secondary, and tertiary) are better compared to esters (6) or acid (7). The R1 position also showed tolerance toward charge and steric bulk. This offers a unique opportunity for attachment of a probe to deduce the molecular target of diphenylamines toward activating MET. At arene #1 (R2 and R3) the removal of both the fluoro groups reduces the E-cadherin expression by 3.5 fold (8 vs. 1). We postulate that the electron-withdrawing fluorine atoms either polarize the arene 1 ring potentiating its interactions with its biological target (π-π stacking interactions and/or ion-dipole interactions) or the fluorine atom may act as hydrogen bond acceptor (HBA) (32). At R4 position the replacement of the hydrogen atom (1) with a methyl group (9) reduces the E-cadherin expression by 4-fold. We hypothesize that the R4 hydrogen participates in an intramolecular hydrogen bond with the carbonyl group attached to R1, forming a conformation favoring MET. Since the presence of the N-methyl group of analog 9 disrupts the intramolecular hydrogen bond we see a corresponding decrease in the E-cadherin expression (Supplemental Figure 5). By removing fluorine at R5 and iodine at R6 we observed complete abolishment in E-cadherin expression (analog 10 vs. 1). We postulate that the fluoro group at R5 may serve multiple chemical and structural features: a) it decreases the pKa of the R4 hydrogen making it a better hydrogen bond donor to facilitate MET induction, and/or b) it increases lipophilicity of the molecule; improving hydrophobic interactions with the biological target(s) (33, 34). The iodo group at R6 is a large group, that can undergo hydrophobic interactions and/or can form a halogen bond. At R7 position all the three analogs (19-21) were found to be inactive in inducing MET. An important point to remember here is that these compounds do not have any substitutions at R5 and R6 position and they did not possess free NH2 group at R1, which may be a contributing factor in their inability to induce MET. Overall our initial structure-activity correlation suggests that at R1 different substitutions are tolerated and hence this position can be exploited toward improving potency or deducing the molecular target of diphenylamimes. Removal/change of substituents at other positions (R2-R7) are not tolerated and therefore they may represent the minimum pharmacophore required for MET activity.

The diphenylamine analogs were initially synthesized with the goal to selectively target the MEK5/ERK5 pathway. Disruption of actin skeleton via Ras and Src mediated activation of extracellular regulated kinase 1/2 (ERK1/2) and ERK5 is reported, indicating their role in oncogenic transformation and EMT (35). However, the discrete target(s) for MET activation is unknown. As the diphenylamine core has been extensively utilized in the design of MEK1, 2 and 5 inhibitors as type-III inhibitors (allosteric site), it is highly likely that the analogs prepared in this series may be interacting with allosteric sites on MEK1, 2, and 5, or the allosteric sites of other kinases (26, 36). Type-III kinase inhibitors have been developed for other kinases (26) and pseudokinases (37, 38). These type-III binding sites consistently present a three-component pharmacophore: a deep hydrophobic pocket where one or two arenes can interact, a site for an HBA from ammonium (the catalytic site lysine) and a solvent exposed polar binding region near the C-helix. Characterization of the molecular mechanism of action of these diphenylamine analogs inducing MET is underway.

A hypothesis that NSAIDS (tolfenamic acid, sulindac, and meloxicam) and thyroid hormones (triiodothyronine and thyroxine) bearing structural similarity to these compounds could induce MET (by increasing E-cadherin expression) in MDA-MB-231 cells, is not supported by our findings. One reason could be both NSAIDs and thyroid hormones do not contain the minimum pharmacophore required for inducing MET. Also, our diphenylamines may interact different biological targets.

We observed strong correlation between increase in E-cadherin protein expression and the percentage of cells with SI < 3 per treatment, which strengthens the structure-activity relationship. This, also suggests that spindle index measurement could be a reliable quantitative analysis for cells that undergo morphological transitions. The morphology of the cells following treatment with test compounds is included in the Supplemental Figure 2. The compounds were also tested for inhibition of cell viability, since a significant reduction in cell number after treatment with these analogs was observed while being screened for cell morphology (Supplemental Figure 4). The correlation between SI and E-cadherin identified analog 1, 2, 15, and 16 as the most potent MET inducers.

Anchorage-independent cells undergo programmed cell death through a process termed as anoikis. Cancer cells detach from the surrounding cells in the tumor stroma, overcome anoikis to invade blood vessels, and metastasize to other organs. During EMT, downregulation of E-cadherin and upregulation of mesenchymal markers promote the escape of cells from the primary tumors and acquisition of the mesenchymal phenotype is functionally associated with anoikis-resistance and greater spheroid formation ability (31). Hence reduction in spheroid formation is an important characteristic of cells that undergo MET. Cells were cultured in low-attachment plates were examined to determine the effect of compounds 18, 15, and 1 on spheroid formation. The selection of compounds was made based on the differences in their structures (primary vs. tertiary amides) and their ability to induce MET: low (compound 18)—high (compounds 1 and 15). MDA-MB-231 cells were cultured in low-attachment plates and examined to determine the effect of compounds 18, 15, and 1 on spheroid formation. Statistical comparison among the three groups revealed that compound 1 was the most effective in inhibiting spheroid growth, hence was selected for characterization in two additional breast cancer cell models, which have a mesenchymal phenotype: TNBC cell line BT-549 and tamoxifen-resistant MCF-7 cell line.

We observed that chronic treatment of MCF-7 cells with 4-Hydroxytamoxifen (4-OHT) activated the EMT program. This was confirmed by observing the morphological change from cobblestone-like to spindle-like and determining E-cadherin protein expression, which was found to be significantly downregulated in TAMR MCF-7 cells compared to the wild type MCF-7 cells (Supplemental Figure 6). The lead diphenylamine molecule (compound 1) is effective in various functional assays descriptive of MET induction in BT-549 TNBC cells and TAMR MCF-7 cells, which have a mesenchymal phenotype. Compound 1 showed inhibition of spheroid formation in these cell lines. Since EMT triggers increased cell migration and motility, the wound healing assay was conducted. Inhibition of cell motility with compound 1 treatment indicated an attenuation of migratory potential of BT-549 and TAMR MCF-7 cells.

During EMT, upregulation of mesenchymal transcription factors suppresses the expression of proteins important for cell proliferation, resulting in a reduction in cell proliferation (21). Cells that undergo MET re-acquire the proliferative potential to promote metastatic colonization (21). Therefore, we wanted to examine the role of compound 1 on cell proliferation. Compound 1 inhibited the number of Hoechst-positive and Ki67-positive cells, suggesting cytotoxic as well as cytostatic properties of the compound in both the triple negative breast cancer cell lines (MDA-MB-231 and BT-549) and TAMR-MCF-7 cells. We aim to observe long-term effects of compound 1 on MET, cell proliferation, and examine synergistic effects of treating cells in combination with conventional chemotherapy agents in our future experiments.

The current work is an initial description of efforts toward the identification of novel diphenylamine analogs that promote MET. EMT is a crucial process in cancer progression that promotes cell migration and metastases. Despite advances made in the field, there are no inhibitors that can be used clinically to target the mesenchymal phenotype of cancer cells. Through analog-based drug design, we first identified atoms that potentiate MET. This led to the identification of analog 1, which led to a potent increase in E-cadherin expression and morphological change from mesenchymal to epithelial phenotype. The important challenges to consider for induced MET include potentiated proliferation and metastatic colonization. As a result, it is important to develop drugs that induce MET, inhibit cell migration, and inhibit cell proliferation. The compound 1 obtained from this series therefore represent a very promising lead since it induces MET along with attenuating migratory and proliferative properties of cancer cells.

Further analyses will be performed to identify the mechanism of action of diphenylamine derivatives. Additionally, the structure-activity relationship performed in this series will aid in the design of more potent inducers of MET. These results will be discussed in due course.
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Supplemental Figure 4. Effect of diphenylamine analogs on cell viability in MDA-MB-231 cells. Data represent ± SEM of three different experiments. **p < 0.01; ***p < 0.001 vs. DMSO control group determined by unpaired two-tailed Student's t-test (n = 3).

Supplemental Figure 5. Effect of intramolecular hydrogen bonding toward inducing MET.

Supplemental Figure 6. (A) TAMR MCF-7 cells are mesenchymal in phenotype compared to the wild type MCF-7 cells. (B) E-cadherin protein expression is significantly decreased in TAMR MCF-7 cells compared to wildtype MCF-7 cells. ***p < 0.001 TAMR vs. wild type MCF-7 determined by two-tailed student's t-test.

Supplemental Data Sheet 1. Synthesis of diphenylamine analogs.

FOOTNOTES

1Triple-Negative Breast Cancer. Available online at: https://www.breastcancer.org/symptoms/diagnosis/trip_neg
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MDA-MB-231 cells were treated compounds at 1 M concentration for & days. Data represent mean  SEM, unpaired two-tailed Students t-test (n = 3-7). E-Cadherin was normalized
o avtubulin, fold change is compared to DMSO. One-way ANOVA with Bonferroni post-hoc comparison analysis where the compounds were compared to the DMSO control and to
each other; compounds 1 and 2 were found to be statistically significant comparedi to the DMSO control group (P < 0.05). We missed significance across groups because there was
lerge difference between the minimum and the maximum effect produced by the different compounds. Therefore, we switched to performing t-test and compared each compound
individually to the DMSO control group.

bData represent the + SEM of three different experiments determined by unpaired two-tailed Student's t-test
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