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Computational high-throughput screening and in vitro approaches identify CB-006-3; A novel PI3K-BRAFV600E dual targeted inhibitor against melanoma
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Abstract: Malignant melanoma is characterized by both genetic and molecular alterations that activate phosphoinositide 3-kinase (PI3K), and RAS/BRAF pathways. In this work, through diversity-based high-throughput virtual screening we identified a lead molecule that selectively targets PI3K and BRAFV600E kinases. Computational screening, Molecular dynamics simulation and MMPBSA calculations were performed. PI3K and BRAFV600E kinase inhibition was done. A375 and G-361 cells were used for in vitro cellular analysis to determine antiproliferative effects, annexin V binding, nuclear fragmentation and cell cycle analysis. Computational screening of small molecules indicates compound CB-006-3 selectively targets PI3KCG (gamma subunit), PI3KCD (delta subunit) and BRAFV600E. Molecular dynamics simulation and MMPBSA bases binding free energy calculations predict a stable binding of CB-006-3 to the active sites of PI3K and BRAFV600E. The compound effectively inhibited PI3KCG, PI3KCD and BRAFV600E kinases with respective IC50 values of 75.80, 160.10 and 70.84 nM. CB-006-3 controlled the proliferation of A375 and G-361 cells with GI50 values of 223.3 and 143.6 nM, respectively. A dose dependent increase in apoptotic cell population and sub G0/G1 phase of cell cycle were also observed with the compound treatment in addition to observed nuclear fragmentation in these cells. Furthermore, CB-006-3 inhibited BRAFV600E, PI3KCD and PI3KCG in both melanoma cells. Collectively, based on the computational modeling and in vitro validations, we propose CB-006-3 as a lead candidate for selectively targeting PI3K and mutant BRAFV600E to inhibit melanoma cell proliferation. Further experimental validations, including pharmacokinetic evaluations in mouse models will identify the druggability of the proposed lead candidate for further development as a therapeutic agent for treating melanoma.
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Introduction

Melanoma is an aggressive form of skin cancer that occurs in the melanocytes, caused due to a variety of reasons, often due to the mutations in BRAF, which is responsible for the RAS-RAF-MEK-ERK-MAPK cell signaling pathways [1]. Additionally, it could also be due to the implication of PI3K pathway, which aids and promotes metastasis, leading to an imbalance in cell proliferation and apoptosis [1]. BRAF (v-raf murine sarcoma viral oncogene homolog B1) is a serine/threonine protein kinase that plays a pivotal role in the RAS-RAF-MEK-ERK-MAPK cell signaling pathway. An increased activity of the RAF/MEK/ERK pathway hampers cell cycle progression via a series of phosphorylation events, leading to altered gene expression, cell growth, survival and differentiation in normal and transformed cells [2,3]. Mutations in BRAF also impacts the MAPK pathway, as this pathway play an integral role in relaying of extracellular signals to maintain balance in cellular homeostasis, viz., cell growth and proliferation. Constitutive activation of this pathway as a result of BRAF mutation, viz., V600E, leads to uncontrolled cell growth that leads to tumorigenesis [4]. In several human cancers, including melanomas, PI3K and AKT pathways are found to be abnormally activated and are not regulated resulting in the loss of PTEN tumor suppressor functioning, which is interceded due to several mechanisms that block the mutation and gene amplification, and opposes BRAF inhibition [5]. Studies reveal that PI3CG, the gamma subunit of PI3K and BRAF mutations determine tumor formation and progression due to their active involvement of the RAS genes. Since RAS is primarily involved with the RAF and PI3K pathways, a detailed work on mutated RAS implications is needed to be studied in RAF and PI3K inhibition strategies [6]. Therapeutic management of melanomas have to take into account the efficiency and reliability of single-target therapies. Use of BRAF-inhibitor strategy has poor outcomes as resistance develops via the re-activation of MAPK signaling pathway and/or the activation of PI3K/AKT signaling cascades. The BRAF inhibitors trigger alternate escape routes and alterations occur leading to NRAS and KRAS mutations and over expresses receptor tyrosine kinases [7]. Dual inhibition of both PI3K and BRAF, a combination strategies targeting BRAF and PI3K pathways was found to be effective in suppressing the tumor formation [8]. The use of known and approved BRAF inhibitors such as vemurafenib, dabrafenib are promising initially, since they show progression-free-survival (PFS) and aid in overall survival (OS), but the subsistence is limited due to refractory mechanisms [9,10].

Besides, monotherapy on a long-term treatment regime is restrained and gets hindered due to adversities, such as intrinsic and acquired resistance due to signaling pathway rewiring. These show the rationale for the need of dual targeted therapy while several studies have demonstrated the positive impacts rendered by the combination therapy (CR) as dual inhibitors may act either in coordination or synergistically to counteract the cell toxicity and other adverse effects (AE) in order to create a robust response. The use of adjuvant and supplementary therapy targeting BRAF/PI3K/AKT pathways lowers the risk of relapses and is pivotal for patients with BRAF-mutant melanoma [11–13].

Materials and Methods

Materials

All reagents and chemicals were of analytical grade and procured from Sigma Aldrich (St. Louis, MO, USA). Vero, A375 and G-361 cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Annexin V, cell cycle and PI3K HTRFTM assay kits were procured from Merck Millipore (Burlington, MA, USA). B-RafV600E enzyme assay kits were from BPS Bioscience (San Diego, CA, USA). FITC-conjugated anti-B-RafV600E was purchased from Abcam (Cambridge, MA, USA). FITC-conjugated anti-PI3KCD and anti-PI3KCG antibodies were from LS Bio (Seattle, WA, USA).

Methods

Three-dimensional structure retrieval, and processing

The three-dimensional structures of target kinases were retrieved from PDB structure databank, viz., PI3KCG (3ML9), PI3KCD (5T8F), PI3KCA (6GVF), PI3KCB (4BFR), and BRAFV600E (4MNF). Structures were pre-processed by removal of bound crystal waters and addition of polar hydrogens using BIOVIA Discovery Studio Visualizer. Since the available PI3KCG structure has lot of missing hydrogens, for molecular dynamics simulations, full-length PI3KCG structure was retrieved from AlphaFold (AI) based structure database and processed accordingly.

Diversity based high-throughput virtual screening (D-HTVS)

For high-throughput virtual screening of large libraries with millions of compounds, e.g., ChemBridge library (1.5 M compounds), ideally ~12 to 18 h for the whole library. Diversity-based high-throughput virtual docking technique developed by SiBioLead LLP, (https://sibiolead.com) was used. For potential kinase inhibitors, ChemBridge compounds (~780,000 compounds) having molecular weight between 350 and 750 kDa were screened. High-throughput docking was performed using Autodock-vina software package with an exhaustiveness of 1 (high-throughput mode). Docking grid box selected based on standard compound bound to PI3KCG (3ML9) or BRAFV600E (4MNF) structures. High throughput docking results and binding poses were confirmed with an addition docking using standard Autodock-vina exhaustiveness.

Molecular dynamics simulations

All molecular dynamics simulations were performed using GROMACS simulation package from WebGRO server, available at https://simlab.uams.edu. Briefly, protein-ligand complexes were immersed in a triclinic box containing Simple Point Charge water molecules. Charges in the simulation system was balanced by addition of NaCl as counterions. A further 0.15 M NaCl was added to the system to mimic the physiological conditions. GROMOS96 43a1 forcefield was applied to the system. Simulation system containing protein-ligand complex, water molecules and salt ions were briefly equilibrated before the production run. MD run was conducted for 100 ns using leap-frog integrator. Simulation trajectories were analyzed using GROMACS built-in packages, plotted using XMGRACE software, and visualized in BIOVIA Discovery Studio.

Molecular mechanics poisson-boltzmann surface area (MM-PBSA) analysis

Binding free energies for the protein-ligand complex were calculated using GROMACS-based Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA). For MMPBSA calculations last 10 ns frames, 1 frame/ns with a total of 11 frames, including 90 ns frame, were used. Results were analyzed and plotted using MmPbSaStat.py, and MmPbSaDecomp.py utilities.

PI3K enzyme inhibition assays

The assay was performed using homogenous time resolved fluorescence (HTRF) based assay kit as per the manufacturer instructions. Briefly, phospotidyl inositol bis phosphate (PIP2) was added to the working reaction buffer that contained desired isoform of PI3K enzyme (delta/gamma) along with appropriate drug and enzyme controls. After adding the desired concentrations of CB-006-3 along with suitable blanks, the reaction mixture was pre incubated for ten minutes at room temperature followed by optimal concentration of ATP. After 30 min incubation at room temperature, the reaction was terminated using stop solution. Detection mixture from the kit was added to all wells, followed by six-hour incubation in dark. HTRF ratio was measured at excitation 337 nM, emission 665 nm, with a delay of 50 micro seconds delay and counting window of 400 micro seconds using FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). The percentage of inhibition was normalized to control and IC50 determined using GraphPad prism software.

B-RafV600E inhibition assay

B-RafV600E was performed using a luminescence-kinase assay kit as per the manufacturer’s instructions as described elsewhere [14]. In brief, master mix that had 500 µM ATP, Raf substrate, and water were added to 96 well plate with DMSO or test compounds in different concentrations followed by addition of enzyme to initiate reaction. After incubation period of 45 min at 30°C in dark, Kinase-Glo Max reagent was added to wells and luminescence was recorded in FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). The percentage of inhibition was normalized to control and IC50 determined using GraphPad prism software.

Cancer cell culture and proliferation assay

Vero, A375 and G-361 were grown as per standard protocols in regular DMEM medium supplemented with 10% foetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin. Cells were passaged two times a week and maintained at 37°C, 5% CO2. MTT assay was performed when cells reached 80% confluency using protocol of previously published work [15]. Percentage cell proliferation inhibition was calculated and GI50 (half dose for Growth inhibition) was presented with GraphPad Prism 6.0 software. In all cell-based experiments, DMSO was lesser than 0.25% at final concentration.

Apoptosis analysis by annexin V assay

Apoptosis in A375 and G-361 cells was computed using an Annexin V detection kit as per the manufacturer’s instructions. Melanoma cells (0.5 × 106) were grown in 6-well plates and treated with desired concentrations of CB-006-3, followed by incubation in 5% CO2 at 37°C for 48 h. Post incubation period, cells were harvested, washed with kit buffer, and incubated with 0.25 µg/mL Annexin V reagent for 15 min in the dark. After washing twice, cells were re-suspended in kit buffer containing 0.5 µg/mL propidium iodide. Ten thousand events were acquired on a Guava easyCyte flow cytometer. Data analysis was carried out using InCyte software to differentiate between healthy and apoptotic cells (early and late apoptosis) and presented using GraphPad Prism software (version 6.0; La Jolla, CA, USA).

Fluorescence microscopy

Propidium iodide/Hoechst 333258 dual staining was done as recounted elsewhere [16] having a minor change. Both A375 and G-361 cells were grown on cover slip in sterile petri-dish for 48 h. After treatment with CB-006-3, the cells were again incubated for 24 h, cover slips removed, washed with PBS and treated with 2 µl of dye containing 100 mg/ml of propidium iodide and 100 mg/ml of Hoechst 333258 stain. Microscopical analysis was performed using a fluorescence microscope (Nikon, Japan).

Cell cycle analysis

The assay was carried out using a cell cycle assay kit according to the manufacturer’s instructions. A375 and G-361 cells at a density of 0.5 × 106 cells/well were seeded in a 6-well plate and incubated for 24 h. After adding 100 nM/200 nM of CB-RAF600E-1, the cells were incubated for a period of 72 h. After washing twice with sterile phosphate-buffered saline (PBS), cells were treated with 50 μL cell cycle assay reagent, incubated in the dark for 15 min, washed twice with wash buffer, and resuspended in HBSS buffer. Ten thousand events were acquired on a Guava easyCyte flow cytometer, and the data were analysed with ExpressPro Software from Millipore (Burlington, MA, USA). The percentage of the cell population at the sub G0/G1 phase was presented.

Inhibition of targeted proteins by flow cytometry

A375 and G-361 cells were treated with 225 or 140 nM of CB-006-3, respectively, and incubated for 4 h in a 5% CO2 incubator at 37°C. After incubation, the cells were removed by trypsinization, washed twice with sterile PBS, and re-suspended in HBSS buffer. For B-RafV600E assay, both cells were treated with 0.50 μg/mL FITC-anti-B-RafV600E antibody, incubated for 30 min in the dark, washed twice with PBS, and resuspended in HBSS buffer. For PI3K assays, A375 and G-361 cells were treated with 0.7 μg/mL anti-PI3K CD or PI3K CG antibodies were added and incubated for 30 min in the dark. Ten thousand events were acquired using the Guava easyCyte flow cytometer, and the data were analysed with ExpressPro Software from Millipore (Burlington, MA, USA). The percentage of positive cells for each protein was presented.

Statistical analysis

Experiments were performed in triplicates and results were expressed as the mean ± S.D. Graph pad Prism 6.0 (from La Jolla, USA) was utilized to carry out statistical analyses. Analysis of IC50/GI50 values were performed by a non-linear regression fit model with variable slope and accordingly plotted. The differences between groups were analyzed using the two-tailed Student’s t test and p < 0.05 (*) were considered statistically significant.

Results

High-throughput virtual screening of ChemBridge library identify novel PI3K/BRAFV600E binding compounds

In order to identify novel compounds that specifically targets PI3KCG, PI3KCD, and BRAFV600E kinases, we first performed high-throughput virtual screening of ChemBridge compounds, having molecular weight between 350 to 750 kDa, using a diversity-based high-throughput virtual screening technique (see methods for detailed protocol) [14]. We first screened the ChemBridge library against the PI3KCG subunit and identified top compounds with high affinity (stage I screening) for PI3KCG subunit. Identified top compounds were then screened against PI3KCD, PI3KCA, and PI3KCB subunits of PI3K kinase. In order to identify dual inhibitors that specifically target PI3KCG, and BRAFV600E kinases, the top compounds identified from stage I screening were screened against the active site of BRAFV600E kinase. Docking score analysis predicts compounds having high selectivity for PI3KCG, PI3KCD, and BRAFV600E, at the same time having low binding affinity for other subunits of PI3K, viz., PI3KCA, and PI3KCB (Fig. 1a). Binding poses and binding score analysis predicts compound CB-006-3, rel-(17aS,20aS)-19-(mesitylacetyl)-12-methyl-12,13,14,15,17,17a,18,19,20,20a-decahydro-6,10-methano-1,4-methenopyrrolo[3,4-r] [1,2,3,6,12,15]hexaazacyclononadecine-11,16,21-trione, has a preferential binding for PI3KCG, PI3KCD, and BRAFV600E (Fig. 1a). Compound CB-006-3 as per our requirements has very low binding affinity for PI3KCA, and PI3KCB, indicating a preferential dual inhibitor of PI3K and BRAFV600E. Binding pose analysis indicates compound CB-006-3 fits well within the active site and interacts with key amino acid residues involved in the activity of PI3KCG (Figs. 1b and 1c), and PI3KCD (Figs. 1d and 1e), our target PI3K subunits. Similarly, binding pose prediction shows compound CB-006-3 interacts well within the active site of BRAFV600E kinase interacting to key residues (Figs. 1f and 1g). Based on these predictions, we hypothesize that compound CB-006-3 shows preferential binding to PI3KCG, PI3KCD and BRAFV600E.
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Figure 1: High-throughput virtual screening of ChemBridge database: (a) Heatmap representation of docking energies of ChemBridge compounds with PI3KCG, PI3KCD, PI3KCA, PI3KCB, and BRAFV600E in -ve scale (kcal/mol). (b) CB-006-3 binding with PI3KCG. (c) PI3KCG amino acid residue interactions with CB-006-3. (d) Predicted docking pose of CB-006-3 to PI3KCD and (e) amino acid residue contacts between PI3KCD and CB-006-3. (f) CB-006-3 docking pose with BRAFV600E active site. (g) Protein-ligand interaction analysis depicting BRAFV600E residue interactions with CB-006-3.

Molecular dynamics simulation of PI3KCG bound compound CB-006-3

As the docking scores predict the relative affinity of a compound binding to a protein, toward understanding the stability of the ligand binding, we performed a 100 ns atomistic molecular dynamics simulation of PI3KCG bound compound CB-006-3 complex, using GROMACS simulation. Since the available crystal structure PI3KCG subunit has missing residues and loops, and this may affect the quality of the simulation, we used the full-length structure of PI3KCG predicted by AlphaFold, an AI based structure prediction method. Docking of compound CB-006-3 with AF-PI3KCG structure showed similar binding compared to our prediction made with experimental structure. We used this complex for MD simulation, and molecular dynamics simulation was performed using our standardized procedure for GROMACS simulations. In brief, the simulation system was filled with Simple Point Charge (SPC) water and ions (NaCl). After a brief equilibration step, simulation was performed for 100 ns. Trajectories were analyzed using in-built GROMACS trajectory analysis scripts. In order to understand the stability of ligand binding, ligand Root Mean Square Deviation (RMSD), and number of protein-ligand hydrogen bonds were calculated and plotted. Results indicate a stable binding of compound CB-006-3 to PI3KCG at the active site. RMSD of ligand to protein implies a stable plot, denoting a stable binding of CB-006-3 to PI3KCG. The number of hydrogen bonds between compound CB-006-3 and PI3KCG remained stable during the simulation (Fig. 2b). We captured protein-ligand interactions at every 20 ns, and the results show a stable binding of CB-006-3 at the predicted binding site, and ligand backbone slightly deviates from initial conformation and remained stable during the simulation, showing that CB-006-3 tend towards a more comfortable binding pose during the simulation (Fig. 2c). Collectively, these results imply a stable binding of predicted compound CB-006-3 to PI3KCG subunit.
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Figure 2: Molecular dynamics simulation of PI3KCG complexed with CB-006-3: (a) Ligand to protein Root Mean Square Deviation (RMSD) for 100 ns trajectories. (b) Number of hydrogen bonds between CB-006-3 and PI3KCG for 100 ns simulation. (c) Snapshots taken at different time points of 0 to100 ns simulation showing binding modes of CB-006-3 with PI3KCG.

Similar to the PI3KCG subunit, we performed MD simulation of PI3KCD subunit bound CB-006-3 complex to determine the protein-drug interaction stability. For simulation, we used the docked complex of Alpha-fold structure of PI3KCD and CB-006-3. Ligand RMSD analysis indicates initial fluctuations in ligand and shows stabilization after 50 ns (Fig. 3a). Average number of hydrogen bonds between CB-006-3 and PI3KCD remained stable during the simulation indicating protein-ligand interaction stability (Fig. 3b). Similar to PI3KCG, in order to visualize the stability of ligand binding, we analyzed simulation frames from different time points. Results indicate CB-006-3 binding remained stable throughout the simulation (Fig. 3c).
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Figure 3: Molecular dynamics simulation of PI3KCD complexed with CB-006-3: (a) Ligand to protein Root Mean Square Deviation (RMSD) for 100 ns trajectories. (b) Number of hydrogen bonds between CB-006-3 and PI3KCD for 100 ns simulation. (c) Snapshots taken at different time points of 0 ns to 100 ns simulation showing binding modes of CB-006-3 with PI3KCD.

Molecular dynamics simulation of compound CB-006-3 bound to BRAFV600E

Similar to PI3KCG and PI3KCD, toward understanding the stability of compound CB-006-3 binding to BRAFV600E at its active site, we performed 100 ns MD simulation of BRAFV600E bound to compound CB-006-3. As previously explained, simulation box was filled with SPC water and counterions (NaCl). After equilibration, using NVT/NPT method, MD run was conducted for 100 ns. From the simulation trajectories, ligand to protein RMSD and number protein-ligand hydrogen bonds were calculated for each frame in 100 ns simulation. Results indicate a stable ligand to protein RMSD, indicating a stable binding of compound CB-006-3 to BRAFV600E mutant structure (Fig. 4a). Furthermore, the number of hydrogen bonds between BRAFV600E and compound CB-006-3 increases during the simulation, showing the formation of stable and preferred binding between compound CB-006-3 and BRAFV600E (Fig. 4b). Binding pose visualization at different time points in the 100 ns simulation exhibits the compound CB-006-3 binds stably at the kinase (active) domain of BRAFV600E (Fig. 4c). Altogether, these results denote that compound CB-006-3 as a potential dual inhibitor of PI3KCG and BRAFV600E kinase.
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Figure 4: Molecular dynamics simulation of BRAFV600E complexed with CB-006-3: (a) Ligand to protein Root Mean Square Deviation (RMSD) for 100 ns trajectories indicating deviations in CB-006-3 binding. (b) Number of hydrogen bonds between CB-006-3 and BRAFV600E for 100 ns simulation. (c) Snapshots at different simulation time point depicting CB-006-3 interactions to BRAFV600E.

MMPBSA analysis predicts binding free energy

We then questioned the likelihood of the binding of compound CB-006-3 to PI3KCG and BRAFV600E. Apart from docking score, solvent-based Gibbs binding free energy calculation suggests the prospect of ligand binding to target protein. In order to calculate the Gibbs binding free energy of the protein-ligand complex, we used the last 10 ns trajectories from the 100 ns simulation. Since we conducted our simulations using the GROMACS simulation package, we used the MM-PBSA based approach for calculating Gibbs binding free energies. Results indicate the Gibbs binding free energy of compound CB-006-3 binding to PI3KCG was −155.45 kJ/mol. Fig. 5a shows calculated Van der Waals, Electrostatic, Polar solvation, SASA, and total binding free energies for PI3KCG and compound CB-006-3 complex. From the MM-PBSA calculation, we also evaluated binding energy contributions of PI3KCG residues to compound CB-006-3 binding. Results show Met804, Thr886, Ile963, Ile831, Met953, Pro810, and Lys890, at the active site of PI3K, contribute to a great extent to the predicted binding free energies (Fig. 5b). MMPBSA binding free energy of CB-006-3 to PI3KCD is estimated to be ~−150.0 kJ/mol (Fig. 5c). Residue-based binding free energy contribution indicates residues Ile910, and Met752, and Leu839 contributes to a great extent for the observed CB-006-3 binding energy (Fig. 5d). The BRAFV600E-compound CB-006-3 complex also shows a favorable binding free energy. Calculated total binding free energy for compound CB-006-3 to BRAFV600E was −204.97 kJ/mol (Fig. 5e). Other binding energy parameters including van der Waals, Electrostatic, Polar solvation, SASA, shows a favorable energy trend, indicating a preferential binding of compound CB-006-3 to BRAFV600E at the active site. Residue-based binding energy contribution analysis indicates amino acid residues, including Phe583, Ile463, Cys532, Val471, Glu533, and Leu514, contribute to a great extent for the observed binding free energy (Fig. 5f). Based on these analyses, we predict that compound CB-006-3 has a preferential binding affinity and binding stability for PI3KCG and BRAFV600E and can be considered for further validations and development as a dual inhibitor of PI3KCG and BRAFV600E, for treating melanoma conditions. Based on these analyses, we predict that compound CB-006-3 has a preferential binding affinity and binding stability for PI3KCG, PI3KCD, and BRAFV600E and can be considered for further validations and development as a dual inhibitor of PI3KCG/PI3KCD and BRAFV600E, for treating melanoma conditions.
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Figure 5: Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) analysis. (a) Calculated average binding energies (kJ/mol) for the last 10 ns trajectories of 100 ns simulation of PI3KCG complexed with CB-006-3. (b) PI3KCG amino acid residues binding energy contributions to CB-006-3 for the last 10 ns of the 100 ns simulation. (c) Calculated average binding energies (kJ/mol) for the last 10 ns trajectories of 100 ns simulation of PI3KCD complexed with CB-006-3. (d) PI3KCD amino acid residues binding energy contributions to CB-006-3 for the last 10 ns of the 100 ns simulation. (e) Average binding energies calculated for the last 10 ns trajectories of BRAFV600E complexed with CB-006-3. (f) Residue level binding energy contributions calculated for the last 10 ns frames for BRAFV600E and CB-006-3 simulation. Error bars represent standard deviation (n = 3).

CB-006-3 inhibited the PI3K isoforms and BRAFV600E kinases to inhibit melanoma cell proliferations

In order to verify the in vitro efficacy of the observed computational effects, we tested the compound for its inhibition towards the PI3K enzyme isoforms. CB-006-3 effectively inhibited both delta and gamma isoforms of PI3K with IC50 values of 160.10 and 75.80 nM, respectively (Figs. 6a and 6b). Further, the compound dose dependently inhabited BRAFV600E enzyme with an IC50 value of 70.84 nM (Fig. 6c). In order to evaluate if the enzyme inhibitory effects of CB-006-3 is translated into the anticancer efficacy, we carried out the antiproliferative assay with the compound in A375 and G-361 melanoma cells. As observed in Fig. 6d, the compound inhibited the proliferation of both these cells with respective GI50 values of 223.3 and 143.6 nM. The compounds inhibited noncancerous Vero cells at a GI50 value of 1961 nM (Fig. 6d), thereby depicting the selectivity towards cancer proliferation inhibition.
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Figure 6: IC50 of CB-006-3 against (a) PI3K delta, (b) PI3K gamma and (c) BRAFV600E enzyme forms. (d) (a) GI50 of CB-006-3 in controlling proliferation of Vero, A375 and G-361 cells.

CB-006-3 promoted apoptosis and induced cell cycle changes in melanoma cells

To elucidate further if anti proliferative effects could be mediated by apoptotic induction by the compound, we performed Annexin V assay. The nearest GI50 values and GI25 values of the compound for A375 and G-361 cells were selected as testing concentrations. CB-006-3 effectively increased the percentage of both early and late apoptotic cells in both these cell lines when compared with respective controls (Fig. 7). Further to augment the apoptosis induction on the compound, nuclear staining analysis was carried out in A375 and G-361 cells. Our observations demonstrate clear positivity of nuclear fragmentation in the dual staining analysis, when treated with near GI50 concentrations of CB-006-3 in both melanoma cell types (Fig. 8a). Cell cycle analysis revealed appearance of sub G0/G1 phase cells with increasing concentration of CB-006-3 in A375 and G-361 cells (Fig. 8b). CB-006-3 treatment increased the percentage sub G0/G1 phase cells to 12.7% and 21.62% with 112.5 and 225 nM concentrations, respectively, while untreated control had 5.68% cells in sub G0/G1 phase (Fig. 8b). Similarly, 70 nM CB-006-3 treatment to G-361 cells increased the percentage sub G0/G1 phase cells from 3.1% to 11.30% in comparison to control, which further increased to 20.2% with 140 M compound treatment (Fig. 8b).
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Figure 7: Flow cytometric enumerations in Annexin V staining assay, that show indicating the healthy cells/early and late phase apoptotic cells in (a) A375 and (b) G-361 cells after CB-006-3 treatments. The data were analyzed using InCyte software from Millipore (Burlington, CA USA) and representative figures are presented. Histogram bars represent total apoptotic cell populations as mean ± SD from three experiments and results were statistically significant at p ≤ 0.05 (n = 3) compared to * control.
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Figure 8: (a) Propidium iodide/Hoechst 333258 dual staining of A375 and G-361 cells after respective near GI50 dose CB-006-3 treatments. Arrows pointing the pink color spots indicate condensed/fragmented nuclei bound with fluorescent stain. Microscopic magnification at 200X. (b) Flow cytometry analysis of A375 and G-361 cell cycles with CB-006-3 treatment after 72 h that depicts percentage cell populations different cell cycle phases. The data were analyzed using ExpressPro Software from Millipore, (Burlington, CA, USA) and representative figures are presented. Histogram bars represents mean ± SD percentage of sub G0/G1 phase cells from three different experiments. Results statistically significant at p ≤ 0.05 (n = 3) compared to * control.

CB-006-3 inhibited the targeted protein expressions in melanoma cells

We investigated the expression status of B-RafV600E, PI3K CD and PI3KCG expressions in A375 and G-361 cells with CB-006-3 treatment. The compound reduced B-RafV600E-positive cell populations from 74.86% in untreated control A375 cells 32.30% in these cells (Fig. 9). A reduction from 72.60% B-RafV600E-positive cells to 30.03% from control to treatment was evident in G-361 cells (Fig. 9). Similarly, CB-006-3 treatment reduced % PI3K CD population from 49.40% to 23.93% in A375 cells and from 62.50% to 14.53% in G-361 cells (Fig. 10). PI3K CG positive pullulations were reduced from 62.35% to 18.16% in A375 cells and 86.41% to 31.09% in G-361 cells (Fig. 10).
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Figure 9: Flow cytometric assessment of B-RafV600E expression in A375 cells G-361 cells. The data were analyzed using ExpressPro Software from Millipore (Burlington, CA USA) and representative figures are presented. Histograms indicate percentage positive B-RafV600E cell populations as mean ± SD values from three experiments. Results statistically significant at p ≤ 0.05 (n = 3) compared to * control.
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Figure 10: Flow cytometric assessment of PI#K CD and PI3K CG expressions in A375 cells G-361 cells. The data were analyzed using InCyte software from Millipore (Burlington, CA USA) and representative figures are presented. Histograms indicate percentage positive PI3K CD or PI3K CG cell populations as mean ± SD values from three experiments. Results statistically significant at p ≤ 0.05 (n = 3) compared to * control.

Discussion

Based on computational high-throughput virtual screening followed by in vitro analysis, in this work, we predicted compound CB-006-3 as a dual inhibitor of PI3K/BRAFV600E kinases. Previous studies have shown that a majority of melanoma cancers show BRAFV600E activated mutation, therefore targeting BRAFV600E can control cell proliferation to a significant extent [17]. Since the PI3K pathway is also implicated in a majority of the melanomas, studies have shown that targeting both PI3K and BRAFV600E show improved protection as against the traditional chemotherapy agents [18]. We hypothesize that a single small molecule specifically targeting both PI3K and BRAFV600E could reduce multi-drug burden to the patients undergoing melanoma treatment. This work utilized ChemBridge database that comprises more than 1.5 million lead-like compounds. Diversity-based high throughput virtual screening, a new approach for time efficient virtual screening of larger database, identified compounds having high affinity for PI3KCG. According to previous studies, drugs targeting PI3KCG, and PI3KCD has advantages over targeting PI3KCA, or PI3KCB in melanomas [19,20], hence we selected compounds having interactions with PI3KCG and PI3KCD, but not with PI3KCA, and PI3KCB. Since our goal is to ascertain inhibitors having dual targets, i.e., PI3K and BRAFV600E, we screened compounds that showed selectivity for PI3KCG and PI3KCD to BRAFV600E. Based on the docking results, we found that compound CB-006-3 satisfied our required criteria, i.e., compounds having specific interactions to PI3KCG, PI3KCD and BRAFV600E. Protein ligand interaction analysis indicated that CB-006-3 interacts with critical residues at the active (kinase) site of both PI3KCG and BRAFV600E. CB-006-3 interacts with residues, including Met804, Thr886, Ile963, Ile831, and Met953 of PI3KCG. Met804 has been proposed as a critical residue involved in ATP binding [21]. Similarly, CB-006-3 showed significant interactions with Phe583, and Val471 of BRAFV600E, previous studies emphasized that compounds targeting BRAFV600E active site residues, including Phe583, and Val471, showed selectivity and potency against BRAFV600E mutation. We proceeded further evaluating the binding stability of CB-006-3 with our target kinases. Atomistic molecular dynamics simulation of CB-006-3 complexed with PI3KCG, showed favorable binding stability. Root Mean Square deviation analysis between protein and ligand showed CB-006-3 has a stable binding inside the predicted site at PI3KCG. Furthermore, the number of hydrogen bonds between CB-006-3 and PI3KCG remained stable throughout the simulation indicating ligand stability with PI3KCG. Molecular docking and MD simulation of CB-006-3 binding to PI3KCD, showed, apart from PI3KCG, CB-006-3 also binds to PI3KCD with high affinity. Molecular dynamics simulation of CB-006-3 bound BRAFV600E also showed a stable binding throughout the simulation. RMSD analysis between CB-006-3 and BRAFV600E remained stable, and the number of hydrogen bonds formed between CB-006-3 and BRAFV600E during the simulation increased, indicating that CB-006-3 takes a more comfortable and stable pose at the predicted binding site in BRAFV600E. Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) analysis predicted favorable binding free energy (ΔG binding) between CB-006-3 and PI3KCG. Residue based ΔG binding energy contribution analysis of CB-006-3/PI3KCG complex showed Met804 as one of the primary contributing amino acid residues involved in CB-006-3 binding. Having established that Met804 is a critical residue involved in the activity of PI3KCG, binding of CB-006-3 at the predicted site may block the activity of PI3KCG significantly. Similarly, MM-PBSA analysis of CB-006-3 complexed with BRAFV600E showed a favorable ΔG binding energy. Residue-based binding energy contribution analysis indicated Phe583, and Ile463 as critical contributing residues when targeted by CB-006-3. Thus, based on our rigorous computational modeling and simulation analysis, we predicted CB-006-3 can be pursued as a dual and selective inhibitor of PI3KCG and BRAFV600E kinases for targeting melanomas.

For evaluating our computational predictions that compound CB-006-3 targets PI3K and BRAFV600E selectively, we pursued various in vitro assays. The compound had IC50 values in nanomolar rage for PI3KCG which was in accordance with the observed computational predictions. CB-006-3 also had activity against PI3KCD, albeit at a higher concentration. Similarly, the compound effectively inhibited the BRAFV600E kinase which was again in line with the computational screening predictions. These in vitro enzyme inhibition results were also translated in the melanoma cell proliferation assay, where nano molar range GI50 values were observed in both melanoma cell types tested.

When analyzed for the mechanism behind the antiproliferative effect of the compound in melanoma cells, our results indicate increase in the apoptotic cell populations of both A375 and G-361 cells when treated with CB-006-3. These observations were in par with literature, where PI3K [22,23] or BRAFV600E [24] targeted inhibitors individually induced apoptosis in melanoma cells for reducing the cell proliferations. Furthermore, our results also agreed with nuclear condensation and fragmentation, characteristic events of apoptosis for inhibitor treated cells [25,26]. Cell cycle hindrance and appearance of abnormal peaks are considered important check points in cellular death [27]. Appearance of hypo diploid peak in Sub G0/G1 phase of the cell cycle is a clear indication of the fragmented DNA in cancer cells [28]. These type of abnormalities in cell cycle has also been tightly linked with apoptosis in melanoma cells when treated with inhibitors [29,30]. Treatment of CB-006-3 to melanoma cells and appearance of Sub G0/G1 phase arrest stands well with these literatures there by conforming the anti-proliferative activity mediated by apoptotic pathway. However, a detailed investigation for determining the pathways involved for the anticancer efficacy by CB-006-3 is recommended as future directives of this study.

Conclusion

In summary, based on our interdisciplinary approach, we screened the ChemBridge database and predicted CB-006-3 as a dual inhibitor that can selectively target PI3KCG, PI3KCD subunits of PI3K and BRAFV600E mutant kinase to effectively act against melanoma cell proliferations via apoptotic induction. Since both PI3K and BRAF are implicated in melanomas, we believe that targeting both PI3K and BRAF by a single selective inhibitor would be beneficial in reducing drug-induced toxicities. Therefore, CB-006-3 could emerge as a promising lead candidate for treating melanomas with further research for invivo and pharmacological profiling.

Acknowledgement: Authors express their gratitude to SMARTBIO LABS, Chennai-78, Tamil Nadu, India and SiBIOLEAD, Chennai-44, Tamil Nadu, India for the help rendered in this study.

Author Contributions: Faisal Hassan Tobeigei-Experimental, data curing, literature survey; Reem M. Gahtani-Experimental, data aquation, analysis of results; Ahmad Shaikh-Statistical analysis, manuscript drafting, initial draft; Amer Al-Ali-data validation, statistical, manuscript drafting; Nader Kameli-Supervision, results analysis, manuscript drafting, Hossam Kamli-Funding, data aquation, analysis, initial draft, experimental; Prasanna Rajagopalan-Conceptualization, validation, data curing, supervision, manuscript, analysis, communication.

Ethics Approval, Consent to Participate, Human and Animal Rights: This article does not contain any studies with human participants or animals performed by any of the authors.

Data Availability Statement: Data used in this study is available with the communicating author upon reasonable request for non-commercial purposes.

Funding Statement: The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through Small Groups Project under Grant No. R.G.P.1/191/43.

Conflicts of Interest: All authors of this manuscript declare there in no any conflict of interest related to the study.

References

 1.  Deuker, M. M., Marsh Durban, V., Phillips, W. A., McMahon, M. (2015). PI3’-kinase inhibition forestalls the onset of MEK1/2 inhibitor resistance in BRAF-mutated melanoma. Cancer Discovery, 5(2), 143–153. DOI 10.1158/2159-8290.CD-14-0856.

 2.  Trudel, S., Odolczyk, N., Dremaux, J., Toffin, J., Regnier, A. et al. (2014). The clinical response to vemurafenib in a patient with a rare BRAFV600DK601del mutation-positive melanoma. BMC Cancer, 14(1), 727. DOI 10.1186/1471-2407-14-727.

 3.  McCubrey, J. A., Steelman, L. S., Chappell, W. H., Abrams, S. L., Wong, E. W. et al. (2007). Roles of the Raf/MEK/ERK pathway in cell growth, malignant transformation and drug resistance. Biochimica et Biophysica Acta, 1773(8), 1263–1284. DOI 10.1016/j.bbamcr.2006.10.001.

 4.  Fedorenko, I. V., Paraiso, K. H., Smalley, K. S. (2011). Acquired and intrinsic BRAF inhibitor resistance in BRAF V600E mutant melanoma. Biochemical Pharmacology, 82(3), 201–209. DOI 10.1016/j.bcp.2011.05.015.

 5.  Chalhoub, N., Baker, S. J. (2009). PTEN and the PI3-kinase pathway in cancer. Annual Review of Pathology, 4(1), 127–150. DOI 10.1146/annurev.pathol.4.110807.092311.

 6.  Chappell, W. H., Steelman, L. S., Long, J. M., Kempf, R. C., Abrams, S. L. et al. (2011). Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR inhibitors: Rationale and importance to inhibiting these pathways in human health. Oncotarget, 2(3), 135–164. DOI 10.18632/oncotarget.240.

 7.  Irvine, M., Stewart, A., Pedersen, B., Boyd, S., Kefford, R. et al. (2018). Oncogenic PI3K/AKT promotes the step-wise evolution of combination BRAF/MEK inhibitor resistance in melanoma. Oncogenesis, 7(9), 72. DOI 10.1038/s41389-018-0081-3.

 8.  Yam, C., Xu, X., Davies, M. A., Gimotty, P. A., Morrissette, J. J. D. et al. (2018). A multicenter phase I study evaluating dual PI3K and BRAF inhibition with PX-866 and vemurafenib in patients with advanced BRAF V600-mutant solid tumors. Clinical Cancer Research, 24(1), 22–32. DOI 10.1158/1078-0432.CCR-17-1807.

 9.  Queirolo, P., Spagnolo, F., Picasso, V., Spano, L., Tanda, E. et al. (2018). Combined vemurafenib and fotemustine in patients with BRAF V600 melanoma progressing on vemurafenib. Oncotarget, 9(15), 12408–12417. DOI 10.18632/oncotarget.10589.

10. Manzano, J. L., Layos, L., Bugés, C., Llanos Gil, M. D. I., Vila, L. et al. (2016). Resistant mechanisms to BRAF inhibitors in melanoma. Annals of Transitional Medicine, 4(12), 6–13. DOI 10.21037/atm.2016.06.07.

11. Rittler, D., Molnár, E., Baranyi, M., Garay, T., Hegedűs, L. et al. (2020). Horizontal combination of MEK and PI3K/mTOR inhibition in BRAF mutant tumor cells with or without concomitant PI3K pathway mutations. International Journal of Molecular Sciences, 21(3), 971–978. DOI 10.3390/ijms21207649.

12. Sweetlove, M., Wrightson, E., Kolekar, S., Rewcastle, G. W., Baguley, B. C. et al. (2015). Inhibitors of pan-PI3K signaling synergize with BRAF or MEK inhibitors to prevent BRAF-mutant melanoma cell growth. Frontiers in Oncology, 5, 315–321. DOI 10.3389/fonc.2015.00135.

13. Wang, B., Zhang, W., Zhang, G., Kwong, L., Lu, H. et al. (2021). Targeting mTOR signaling overcomes acquired resistance to combined BRAF and MEK inhibition in BRAF-mutant melanoma. Oncogene, 40(37), 5590–5599. DOI 10.1038/s41388-021-01911-5.

14. Al Shahrani, M., Abohassan, M., M, Y. A., Hakami, A. R., Rajagopalan, P. (2021). High-throughput virtual screening and preclinical analysis identifies CB-1, a novel potent dual B-Raf/c-Raf inhibitor, effective against wild and mutant variants of B-Raf expression in colorectal carcinoma. Journal of Computer-Aided Molecular Design, 35(120), 1165–1176. DOI 10.1007/s10822-021-00426-1.

15. Balasubramaniam, M., Lakkaniga, N. R., Dera, A. A., Fayi, M. A., Abohashrh, M. et al. (2021). FCX-146, a potent allosteric inhibitor of Akt kinase in cancer cells: Lead optimization of the second-generation arylidene indanone scaffold. Biotechnology and Applied Biochemistry, 68(1), 82–91. DOI 10.1002/bab.1896.

16. Rajagopalan, P., Wahab, S., Dera, A., Chandramoorthy, H., Irfan, S. et al. (2020). Anti-cancer activity of ethanolic leaf extract of Salvia officinalis against oral squamous carcinoma cells in vitro via caspase mediated mitochondrial apoptosis. Pharmacognosy Magazine, 16(5), 546–552. DOI 10.4103/pm.pm_90_20.

17. Bosso, G., Lanuza-Gracia, P., Piñeiro-Hermida, S., Yilmaz, M., Serrano, R. et al. (2022). Early differential responses elicited by BRAFV600E in adult mouse models. Cell Death & Disease, 13(2), 142–146. DOI 10.1038/s41419-022-04597-z.

18. McCubrey, J. A., Steelman, L. S., Chappell, W. H., Abrams, S. L., Franklin, R. A. et al. (2012). Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR cascade inhibitors: How mutations can result in therapy resistance and how to overcome resistance. Oncotarget, 3(10), 1068–1111. DOI 10.18632/oncotarget.659.

19. Herman, S. E., Gordon, A. L., Wagner, A. J., Heerema, N. A., Zhao, W. et al. (2010). Phosphatidylinositol 3-kinase-δ inhibitor CAL-101 shows promising preclinical activity in chronic lymphocytic leukemia by antagonizing intrinsic and extrinsic cellular survival signals. Blood, 116(12), 2078–2088. DOI 10.1182/blood-2010-02-271171.

20. Yang, J., Nie, J., Ma, X., Wei, Y., Peng, Y. et al. (2019). Targeting PI3K in cancer: Mechanisms and advances in clinical trials. Molecular Cancer, 18(1), 19–26. DOI 10.1186/s12943-019-0954-x.

21. Amzel, L. M., Huang, C. H., Mandelker, D., Lengauer, C., Gabelli, S. B., Vogelstein, B. (2008). Structural comparisons of class I phosphoinositide 3-kinases. Nature Reviews Cancer, 8(9), 665–669. DOI 10.1038/nrc2443.

22. Duan, R., Liang, X., Chai, B., Zhou, Y., Du, H. et al. (2020). Isorhamnetin induces melanoma cell apoptosis via the PI3K/Akt and NF-κB pathways. BioMed Research International, 2020, 1057943. DOI 10.1155/2020/1057943.

23. Zhao, Q., Zhu, H. P., Xie, X., Mao, Q., Liu, Y. Q. et al. (2020). Novel HSP90-PI3K dual inhibitor suppresses melanoma cell proliferation by interfering with HSP90-EGFR interaction and downstream signaling pathways. International Journal of Molecular Sciences, 21(5), 1845–1852. DOI 10.3390/ijms21051845.

24. Fallahi-Sichani, M., Moerke, N. J., Niepel, M., Zhang, T., Gray, N. S. et al. (2015). Systematic analysis of BRAFV600E melanomas reveals a role for JNK/c-Jun pathway in adaptive resistance to drug-induced apoptosis. Molecular Systems Biology, 11(3), 797–805. DOI 10.15252/msb.20145877.

25. Toné, S., Sugimoto, K., Tanda, K., Suda, T., Uehira, K. et al. (2007). Three distinct stages of apoptotic nuclear condensation revealed by time-lapse imaging, biochemical and electron microscopy analysis of cell-free apoptosis. Experimental Cell Research, 313(16), 3635–3644. DOI 10.1016/j.yexcr.2007.06.018.

26. Zhang, J. H., Xu, M. (2000). DNA fragmentation in apoptosis. Cell Research, 10(3), 205–211. DOI 10.1038/sj.cr.7290049.

27. Wenzel, E. S., Singh, A. T. K. (2018). Cell-cycle checkpoints and aneuploidy on the path to cancer. In Vivo, 32, 1–5.

28. Robles-Escajeda, E., Lerma, D., Nyakeriga, A. M., Ross, J. A., Kirken, R. A. et al. (2013). Searching in mother nature for anti-cancer activity: Anti-proliferative and pro-apoptotic effect elicited by green barley on leukemia/lymphoma cells. PLoS One, 8(9), e73508. DOI 10.1371/journal.pone.0073508.

29. Benfica, P. L., Ávila, R. I., Rodrigues, B. D. S., Cortez, A. P., Batista, A. C. et al. (2017). 4-Nerolidylcatechol: Apoptosis by mitochondrial mechanisms with reduction in cyclin D1 at G0/G1 stage of the chronic myelogenous K562 cell line. Pharmaceutical Biology, 55(1), 1899–1908. DOI 10.1080/13880209.2017.1311351.

30. Tomic, T., Botton, T., Cerezo, M., Robert, G., Luciano, F. et al. (2011). Metformin inhibits melanoma development through autophagy and apoptosis mechanisms. Cell Death, 2(9), e199. DOI 10.1038/cddis.2011.86.









	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
Computational High-throughput screening and In vitro approaches identify CB-006-3; A novel PI3K-BRAFV600E dual targeted inhibitor against melanoma






Guide


	
Computational High-throughput screening and In vitro approaches identify CB-006-3; A novel PI3K-BRAFV600E dual targeted inhibitor against melanoma





OEBPS/Images/OR_25187-fig-1.png
(a)

PISKCB
BRAFV600E

0 0

9
g 2
o 2
o o

PI3KCA

CB-006-12

CB-006-14
CB-006-15
CB-006-16
CB-006-17
CB-006-18
CB-006-19
CB-006-20

-ve DockScore (kcal/mol)

BRAFV600E

(©)

(e)

(@






OEBPS/Images/OR_25187-fig-10.png
A375 G-361
El 3 g
5 |8
- < W W
o) Zo w .
L 5 H }
g m. 3
ERIN 3
0T (0T 0T 0T 0T 0T 0T 0T 0T 00T
21134-92 Y€ld J114-9) Meld _.-m
w -~ w
S .
5 | = ]
3 |3
S ) H
3 ]
3 [ Jp—
m m g 8 & § & °
[P —— °e.n... 0T 0T 0 0T ec.n.... $1100 0ANISOd O NEId %
J114-93 %€ld L1493 el
> E %
o o
SR % (s 3
8 o |8 .
3 N -
S 2| 3
& S Y
N W ~ >
WOT 0T 0T (OF o0F 0T O 0T 0T 0T
2114-aD Yeld JL13-0d Xeld
- LN K g
£ y | & E
m m -
Q ® Q S
- - _.I
3 12
2 b 2
0T 0T 0T 0f cor 07 0T 20T (0T 0T g™ g™ g™ g g™

2114-0D Y€ld J114-@ Y€ld 51105 0AMISOd G MEld %





OEBPS/Images/OR_25187-fig-4.png
(a)

Ligand RMSD (nm)

2 3*
Y \ / N
/_ vy \ 60ns/ ‘J A '80ns 100ns





OEBPS/Images/OR_25187-fig-6.png
~~
&

% PI3KCD (delta) Inhibition

—~
(e
~

% inhibition (BRAFV60E)

1201
1004
804

61  cB-006-3
A —
ICs0.160.10 nM
204
C T T L)
0 2 4
Log concentration (nM)
120+
1004
804
604
CB-006-3
401 Cy,.70.84 nM
204
I
c ] T L) T 1
-4 -2 0 2 4

Log concentration (nM)

—~
=}
Z

—~
o
=

% Inhibition of melanoma

% PI3BKCG (gamma) Inhibition

cell proliferation

Log concentration (nM)

1204
1004
804
60 CB-006-3
404 c—
ICs0.75.80 nM
204
0 T . T
0 2 4
Log concentration (nM)
120+
1004 ® HT-29 (223.3 nM) 8
8o © Caco-2(143.6 nM)
604 Vero (1961 nM) /
404
20
0 . .
2 0 2 4 6





OEBPS/Images/OR_25187-fig-3.png
(a) PI3KCD-CB-006-3 (b) PI3KCD-CB-006-3
1 T v

0 20 0 (] 40 60
(©) ¢ (ns)

k::.\V/.f!j ﬁ’N -~ v },‘ '

210

: }(; CB-006-3 &%} }3,\ %BOOGZ&

/’, Yy AE Kk
..






OEBPS/Images/OR_25187-fig-8.png
(a)

A375

Control

225.0 nM CB-006-3

Control

G-361

8 Control s 112.5 nM CB-006-3 s 225.0 nM CB-006-3
63.3% . 57.9% - 48.2%
©] 2 2] 2
£ 3 1 3
3% 1 6.9% ® 1:7</ 73
o 12.79
2 135% o 262% < : Mo 21%
4
o $hhalang - -+ o]
(] 500 000 7500 10000 5 2500 500 7500
Red Fluorescence (RED-HLin) o Red",%oluoremﬁ (RED-JI?iov?) 10000 Red Fluorescence (RED-HLUIN)
- Control g 70.0 nM CB-006-3 2 140.0 nM CB-006-3
2 2 - 2
2] 1 65.8% 2] 1 62 45;3 e 58 :19;
¥ 1% z ‘
$2431% 38%  27.3% 52 113%% Jox  21.4% 19 320%% | 239% 19.5%
o 3 H > W 3 - o
2 ' o 4 %4 4 g H 4
°,‘1.4...4......4... o o
00 000 7500 10000 B T
N 0 2900 5000 7500 10000
Red Fluorescence (RED-HLin) Red Fluorescence (RED-HLin) Rfﬂ’,w.m. REDJE?'% 10

1- Sub G¢/Gj phase;

2- G phase;

- S phase;

4- Ga/Mphase

SLEV

% A375 colls (Sub Gy/Gy phase)

19€-9

% G-361 colls (Sub Gy/Gy phase)

140.0 nM CB-006-3

Cooamnbon of ca-oo&s(nm

Cofmmuhon of CBMJ (nM)





OEBPS/Images/logo.png





OEBPS/Images/OR_25187-fig-7.png
~~
&

W Control =< 112.5uM CB-006-3 T 225.0nuM CB-006-3 &5 .
s 22 so 9 f —
Za , Ll . > 356% L) T | 28.87% L ry
ES g‘?_ Z . 8 50-
3 $3 $a >3
=) 2o Ty
: 2 e 3§

- v 1.70% = S 254
Eo . E ol Eo 2
g7 : 5+ 17.9a% | 2°] 31.12% 3
= o - c. =4 . ° -
gz -~ H E| §¢]785% H S| 001% H 5o
S 10° 10" 102 103 10* % ‘_100 10" 102 103 10* & “qq0 1 2 3 4 Control 125 255

Annexin V (GRN-HLog) Annexin V (GRN-HLog) 10Ann1e?(in \;(OGRR}&LJ;; Concentrations of CB-006-3 (nM)
(b)
= T Control We /0.0 nM CB-006-3 = 140.0 nM CB-006-3
g < Z2 22 T
3> b L{&- L 493% | T Laossxy| &
g - A LT ES e
T o ] @ ]
22 0 2 85
3 3 3~ % 2
S | 9911% | 0.89% [ g _ = Z
Eel . o~ ERE o 39 .wiE ’ gm
3 p ] 21.11% - 33.38% 1
a3 “HH El 8] 7396% H E| 5g[%79% H -
S 100 10" 102 10° 10¢ ~ T10° 10" 102 10° 10* “ 100 10" 102 10° 10
Annexin V (GRN-HLog) Annexin V (GRN-HLog) Annexin V (GRN-HLog) B

Control 70 140
H - Healthy cells; E - Early Phase Apoptosis; L — Late Phase Apoptosis; E+ L —Total Apoptosis Concentrations of CB-006-3 (nM)





OEBPS/Images/OR_25187-fig-5.png
)
o
~

©)

AG;,4 (kJ/mol)

AGy;4 (kJ/mol)

AGy;,g (kJ/mol)

$ -5 88 8

-150 -+

-
8
N

BRAFV600E/CB-006-3

Jvan aal ﬂemm
energy

PI3K-CG/CB-006-3

:V‘!I aal El«%‘mﬂc

energy solvation

Polar

saskanergy

PI3K-CD/CB-006-3

Polar
solvation
energy

v

:

Sasi entrgy

Polar
solvation
energy

SASA energy

(b)

AGy; (kJ/mol)

(d)

)

AGy;,4 (kJ/mol)

AGy;,4 (kJ/mol)
o

.12 1L
14 -

-16

&

&

-10 -

PI3K-CG

Cutoff = -2.0 kJ/mol

PI3K-CD

Cutoft = -2.0 kJ/mol

BRAFVG600E

Cutoff = -2.0 kJ/mol






OEBPS/Images/copy.png





OEBPS/Images/OR_25187-fig-9.png
COUNT

COUNT

8 o
- il
] . Control _006-
9] unstgined o] unstained 225.0nM CB-006-3
= 2
o: =
] % BRAFV600E N % BRAFV600E
5 = Sg |
10° 10 10° 10 10 10! "y E
Green FIUOTQSCGHCG(GRN Hlog) Green Fluorescence (GRN-Hlog)
2 (=3
- el
o Control 140.0 nM CB-006-3
°° 3
@ 2
2 % BRAFV600E z
(=]
N 0 =5 % BRAFV600E
: Yy | " |
10° 10' 10° 10° 10' 190 10°

Green Fluorescence (GRN-Hlog)

10° 10°
Green Fluorescence (GRN-Hlog)

10"

GlEY
% BRAF Y% (A375 colls)

19¢-9

% BRAF Y% (G.361 colls)

100 *
[——
80
60
40
20
T
Control
100
.
ey
80 _I_
60
40
20
0 T
Control






OEBPS/Images/OR_25187-fig-2.png
(a) PI3BKCG-C3 (b) PI3BKCG-C3

4 ¥ T ¥ T T ' T

Ligand RMSD (nm)

40 60
Time (ns)

& B \“(
‘ii--”/‘ ‘.

/,/?





