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Abstract

:

Simple Summary


Despite their documented antitumor effects, thienopyrazole-based compounds remain an underexplored class of molecules. In this study, a screening of 2000 novel molecules revealed a unique thienopyrazole derivative, Tpz-1, that elicited potent and selective programmed cell death in human blood, breast, colon, and cervical cancer cell lines when compared to non-cancerous human fibroblast (Hs27) cells. Furthermore, in HL-60 leukemia cells, Tpz-1 interfered with components of signaling pathways and the cytoskeleton that are important to cell shape, internal organization, growth, and division. These findings encourage the continued investigation and development of Tpz-1 and other thienopyrazole derivatives to target and treat cancers.




Abstract


In recent years, the thienopyrazole moiety has emerged as a pharmacologically active scaffold with antitumoral and kinase inhibitory activity. In this study, high-throughput screening of 2000 small molecules obtained from the ChemBridge DIVERset library revealed a unique thieno[2,3-c]pyrazole derivative (Tpz-1) with potent and selective cytotoxic effects on cancer cells. Compound Tpz-1 consistently induced cell death at low micromolar concentrations (0.19 μM to 2.99 μM) against a panel of 17 human cancer cell lines after 24 h, 48 h, or 72 h of exposure. Furthermore, an in vitro investigation of Tpz-1’s mechanism of action revealed that Tpz-1 interfered with cell cycle progression, reduced phosphorylation of p38, CREB, Akt, and STAT3 kinases, induced hyperphosphorylation of Fgr, Hck, and ERK 1/2 kinases, and disrupted microtubules and mitotic spindle formation. These findings support the continued exploration of Tpz-1 and other thieno[2,3-c]pyrazole-based compounds as potential small-molecule anticancer agents.
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1. Introduction


Small-molecule agents have become a mainstay of targeted cancer treatment in the past 20 years. Unlike macromolecule drugs, small molecules can penetrate cells and bind a wide array of intra- or extracellular targets; additionally, they can be selective or broad-spectrum agents [1,2,3].



Pyrazoles and thiophenes are well-studied pharmacophores known for their diverse and remarkable biological activity, particularly in cancer, and are common scaffolds in small-molecule drug design [4,5]. Pyrazoles are 5-membered heterocycles that contain three carbon atoms and two adjacent nitrogen (Figure 1). Pyrazole derivatives have been approved to treat various leukemias, lymphomas, and other cancers in the United States and China [3]. In addition, numerous experimental pyrazoles have shown antiproliferative activity and apoptosis against several cancer types in vitro [6,7,8]. In contrast, thiophene is a 5-membered heterocycle with four carbon atoms and one sulfur (Figure 1). Thiophene derivatives are also prominent in drug design and are indicated to treat a variety of cancers and other conditions in the U.S. and China [3,9].



Thienopyrazoles are a bicyclic combination of the pyrazole and thiophene moieties and have been endorsed as antiproliferative, antiviral, antimicrobial, and anti-inflammatory agents [10,11,12]. There exist three isomers of thienopyrazole: thieno[2,3-c]pyrazole, thieno[3,2-c]pyrazole, and thieno[3,4-c]pyrazole (Figure 1) [12].



Thieno[2,3-c]pyrazoles are less-explored than the other isomers, despite growing evidence detailing their significant phosphodiesterase 7A (PDE7A) [13,14], purinergic receptor P2X3 [15], non-receptor tyrosine kinase ABL [16], Aurora kinase (AURK), insulin-like growth factor type 1 receptor (IGF-1R), and cyclin-dependent kinase 2 (CDK2) inhibition [17,18]. Tpz-1 (Figure 2) is a novel small-molecule thieno[2,3-c]pyrazole derivative that we recently discovered after screening 2000 compounds for novel anticancer agents within the ChemBridge DIVERset library.



Formally named N’-(2-methoxybenzylidene)-3-methyl-1-phenyl-1H-thieno[2,3-c]pyrazole-5-carbohydrazide, we found that this compound was also identified as cytotoxic and a mitotic inhibitor in two previous studies under the aliases 5248881 [19] and MTPC [20]. However, the molecular mechanism by which this unique compound induces cell death was not explored.



Leukemias are a leading cancer type in children and adults [21,22]. In addition, secondary and refractory acute leukemias are known to develop from prior exposure to cytotoxic therapies [23,24,25,26]. Despite recent advances, a subset of patients continue to die from leukemia or complications resulting from treatment [27]. Consequently, we set out to partially elucidate how Tpz-1 potently induces death in acute leukemia cells in vitro.




2. Materials and Methods


2.1. Cell Lines and Culture Conditions


In this study, the cytotoxicity of Tpz-1 was evaluated against a panel of sixteen cancer cell lines and one non-tumorigenic human cell line. All cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).



Ten of the cell lines were of blood cancer origin: CCRF-CEM (T lymphoblast, ATCC CRL-2265), HL-60 (promyeloblast, ATCC CCL-240), Ramos (B lymphocyte, ATCC CRL-1596), Jurkat (T lymphocyte, ATCC CRL-2899), MOLT-3 (T lymphoblast, ATCC CRL-1552), NALM6 (lymphocyte, ATCC CRL-3273), MM.1S (B lymphoblast, ATCC CRL-2974), MM.1R (B lymphoblast, ATCC CRL-2975), U266 (B lymphocyte, ATCC TIB-196), RPMI 8226 (B lymphocyte, ATCC CRM-CCL-155); and were cultured in RPMI-1640 medium complete with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin. An exception was made for HL-60, which required supplementation with an additional 10% FBS. In addition, two colorectal adenocarcinoma cell lines, COLO 205 (ATCC CCL-222) and HT-29 (ATCC HTB-38), were identically maintained in RPMI-1640 complete medium. Two triple-negative breast adenocarcinoma cell lines, MDA-MB-231 (ATCC CRM-HTB-26) and MDA-MB-468 (ATCC HTB-132), and estrogen-receptor-positive (ER+) cell line MCF7 (ATCC HTB-22) were cultured in DMEM medium complete with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin; cervical adenocarcinoma cell line HeLa (ATCC CRM-CCL-2) and non-tumorigenic foreskin fibroblast Hs27 (ATCC CRL-1634) cells were also maintained in this medium. Lastly, dopaminergic neuroblastoma cell line SH-SY5Y (ATCC CRL-2266) was cultured in DMEM/F12 medium with 10% FBS and antibiotics added as described above. All cells were cultivated in a 5% CO2 humidified 37 °C environment.



Before use in experiments, the viability of each cell culture was quantified by flow cytometry following propidium iodide (PI) staining or visualized by trypan blue exclusion [28]. Only cell populations with ≥95% viability and at 60–75% confluence in the exponential growth phase were seeded into multiwell plates to minimize baseline cell death.




2.2. Preparation of Compounds


All compounds described herein were commercially purchased. Experimental compounds from the ChemBridge DIVERset library were obtained pre-diluted to 10 mM in dimethyl sulfoxide (DMSO). This ChemBridge stock of N’-(2-methoxybenzylidene)-3-methyl-1-phenyl-1H-thieno[2,3-c]pyrazole-5-carbohydrazide (C21H18N4O2S; MW 390 g/mol), also known as Tpz-1, was used for the experiments detailed below. Lyophilized reference compounds Paclitaxel and Cytochalasin-D were similarly prepared in DMSO; and hydrogen peroxide (H2O2) was alternatively diluted in 1× phosphate-buffered saline (PBS).



Aliquots of Tpz-1 and other compound stocks were thawed and diluted with DMSO, or 1× PBS for H2O2, to a 100× or 250× working concentration for use in experiments to achieve a final vehicle concentration of 1% v/v or less.




2.3. Initial Library Screening and Compound Selection


Two thousand experimental compounds of the ChemBridge DIVERset library were initially screened against the CCRF-CEM cell line in vitro at a single concentration of 10 μM by differential nuclear staining assay. Any compound which induced >50% cell death at 10 μM was isolated and additionally screened at concentrations ranging from 0.01 to 10 μM to calculate the dose of compound needed to induce 50% cell death.




2.4. Differential Nuclear Staining Assay


Differential nuclear staining (DNS) is a live cell imaging assay that uses two nuclear fluorescent dyes to distinguish between live and dead populations based on cell permeability [29]. To achieve this, Hoechst 33342 (blue) is used to stain the nuclei of all cells in a sample, whereas PI (red) is used to distinguish only those with damaged membranes. Thus, cells that co-localize both red and blue signals, exhibiting a magenta color, are defined as the dead/dying population.



For DNS analysis, cells were first seeded in 96-well plates at a density of 10,000 cells/well in 100 μL of complete medium and incubated overnight to facilitate cell attachment and acclimation. The next day, cells were exposed to Tpz-1 concentrations ranging from 0.01 to 10 μM, 1% v/v DMSO (vehicle control), 1 mM H2O2 (positive control), or left untreated (UNT) for 24–72 h. Four independent measurements were used for the samples, except for the vehicle control in which eight DMSO-treated independent measurements were used to ensure the average total cell count was representative for each experiment series. One to two hours before the end of treatment, a 1 μg/mL final concentration of Hoechst 33342 and PI was quickly added to each well and incubated until the remaining time elapsed. Four contiguous images, taken in 2 × 2 montages, were captured via GE InCell Analyzer 2000 with a 10x objective from the two fluorescent channels corresponding to Hoechst and PI emission. After analysis, the captured high-content images were segmented using the GE InCell Analyzer Workstation 3.2 software to obtain live and dead cell counts and percentages within each well. Due to technical problems, for the MCF7 cell line, the BD Pathway 855 bioimaging system was used to capture a similar 2 × 2 montages per well, and images were segmented with its associated AttoVision v1.6.2 software (BD Biosciences, Rockville, MD, USA). To account for the lower total cell count in Tpz-1 or H2O2-treated (Treatment) samples caused by cell destruction (disappearance from count) over the course of incubation, cell death percentages were normalized to the vehicle control (DMSO) average total cell count by the following equation:


       DMSO   average   total   cell   count − Treatment   total   cell   count     + Treatment   dead   cell   count     DMSO   average   total   cell   count     ×   100   











Normalized percentages of dead cells per treatment replicate were subsequently averaged and used to estimate CC50 values.




2.5. Cytotoxic Concentration 50% and Selective Cytotoxicity Index Values


The cytotoxic concentration 50% (CC50) for each cell line indicates the average concentration (μM ± S.D.) needed to kill 50% of the cell population at a given time point. From the percentage of cell death for each technical replicate at a concentration above and below 50% cell death, CC50 for each cell line was calculated via linear interpolation and averaged to obtain the reported values [7,30,31].



To measure Tpz-1′s cancer selectivity in vitro, selective cytotoxicity index (SCI) values were calculated by dividing the CC50 of non-tumorigenic control cell line Hs27 by the CC50 of individual cancer cell lines at the same incubation time [32].




2.6. AnnexinV-FITC/PI Assay


To determine if Tpz-1 stimulates apoptotic or necrotic cell death, HL-60 acute myeloid leukemia or CCRF-CEM T lymphoblast leukemia cells were transferred to a 24-well plate at a seeding density of 100,000 cells in 1 mL complete culture media. After overnight incubation, cells were treated with the cell line’s 24 h CC50 or 2xCC50 of Tpz-1 for 24 h. Also, 0.1% v/v DMSO, 100 μM H2O2, and untreated cells were used as the vehicle, positive, and negative controls. All results, experimental points, and corresponding controls represent three independent determinations. Immediately following treatment, cells were pelleted at a centrifuge pre-cooled to 4 °C for 5 min at 500× g. The resulting supernatant was discarded, and cell pellets were resuspended in 103.5 μL of a cold AnnexinV-FITC/PI/1× binding buffer mixture, then chilled on ice while covered for 30 min. Afterward, 300 μL of ice-cold 1× binding buffer was added to each well immediately prior to flow cytometry. Total apoptosis was calculated by summing early apoptotic (AnnexinV-FITC positive/PI negative signal) and late apoptotic (AnnexinV-FITC positive/PI positive) cell populations. The statistical significance of the apoptosis induced by Tpz-1 was evaluated by comparing experimentally treated samples to those of DMSO by t-test (p = 0.05). Approximately 20,000 events (cells) were acquired per sample. Data analysis was achieved via the flow cytometer’s Kaluza software (Beckman Coulter, Indianapolis, IN, USA).




2.7. Caspase Activation Assays


Caspase-3/7 are proteases activated in the execution phase of apoptosis’s intrinsic and extrinsic pathways [33]. Therefore, to further validate that apoptosis is the cell death mechanism of Tpz-1, caspase-3/7 activation (NucView 488 Caspase-3/7 Substrate Assay Kit, Biotium) was measured in compound-treated HL-60 acute myeloid leukemia and CCRF-CEM T cell leukemia cells [34]. The substrate provided in the kit consists of a fluorogenic DNA dye with DEVD moiety that is specific for caspase-3/7. When cleaved by caspase-3/7, the substrate forms a high-affinity nuclear dye that emits a bright green signal detectable by flow cytometry. For this assay, cells were seeded in 24-well plates at a density of 100,000 cells per well in 1 mL complete culture medium and incubated overnight. Cells were subsequently treated with the appropriate 24 h CC50 or 2xCC50 of Tpz-1 for 6 h (data shown) or 8 h (in Supplementary Materials). Controls were included as previously described. Three independent measurements were analyzed for each experimental and control treatment. At the end of treatment, cells were collected and centrifuged at 262× g for 5 min. The supernatant was discarded, and pelleted cells were resuspended in 102.5 µL of 1× PBS and NucView 488 Caspase-3/7 substrate mixture (5 µM final concentration), then covered and incubated at room temperature for 45 min. After, 300 µL of 1× PBS was added, and a flow cytometer was used to analyze samples immediately. Cells emitting green fluorescence were defined as apoptotic cells with active caspase-3/7. Approximately 20,000 events (cells) were acquired per sample, and the Beckman Coulter Kaluza software was used for data analysis.



Caspase-8, in contrast, is an initiator of the extrinsic pathway of apoptosis and its activation directly promotes the cleavage of downstream executioner caspase-3/7 [33,35]. Hence, to evaluate if Tpz-1 stimulates extrinsic apoptosis, we assessed the activation of caspase-8 via substrate assay kit following the manufacturer’s protocol (Abcam; Ab65614) to stain HL-60 cells after 4 h treatment with the 24 h CC50 or 2xCC50 of our compound. In this experiment, the caspase-8-specific inhibitor IETD-FMK is conjugated to FITC and emits fluorescence that is detectable by flow cytometry when bound to active caspase-8. In addition, cell seeding, controls, data acquisition, and data analysis were performed in a manner consistent with our other cytometric experiments.




2.8. Reactive Oxygen Species Assay


Reactive oxygen species (ROS) can be an indicator of mitochondrial dysfunction in intrinsic apoptosis [36]. Thus, we measured the accumulation of ROS was by 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) reagent (Invitrogen, C400) [37]. In this experiment, the acetate groups of nonfluorescent carboxy-H2DCFDA are cleaved by intracellular esterases and oxidation to form the green fluorescing product 2′,7′-dichlorofluorescein (DCF). HL-60 acute myeloid leukemia or CCRF-CEM T cell leukemia cells were each distributed into 24-well plates at a seeding density of 100,000 cells/well in 1 mL complete medium and treated with the appropriate 24 h CC50 or 2xCC50 of Tpz-1 or controls, as previously mentioned, for 18 h [37]. Three independent measurements were evaluated for all experimental and control treatments. Post-treatment, samples were collected and centrifuged for 5 min at 262× g, then resuspended in a pre-warmed mixture of 1× PBS and carboxy-H2DCFDA at a final concentration of 10 µM dye. Cells were incubated for 1 h at 37 °C in a 5% CO2 humidified environment, centrifuged at 262× g for 5 min, then resuspended in 500 µL PBS, and analyzed by flow cytometer after a 30-min recovery period. Approximately 20,000 cell events were obtained and analyzed per sample, and data analysis was achieved as mentioned in the cytometric analyses described above.




2.9. Mitochondrial Depolarization Assay


To monitor the mitochondrial integrity of cells exposed to Tpz-1, changes in mitochondrial membrane potential were studied via MitoProbe JC-1 Assay Kit (Molecular Probes, M34152). 5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) is a fluorescent cationic probe capable of accumulating inside mitochondria. In healthy mitochondria, the JC-1 dye aggregates to spontaneously form red fluorescent complexes, however, in damaged mitochondria, the JC-1 dye cannot accumulate enough for these complexes to develop, and the dye alternatively emits green fluorescence [38,39]. The red/green fluorescence ratio of JC-1 is thus a reliable indicator of mitochondrial integrity. For this assay, HL-60 or CCRF-CEM cells were seeded in 24-well plates at a density of 100,000 cells/well in 1 mL complete culture media and were treated with the 24 h CC50 or 2xCC50 of Tpz-1 and controls (as previously described) for 5 h. Three independent measurements were analyzed per cell treatment. When the incubation time expired, cells were collected and centrifuged at 262× g for 5 min, then resuspended in 500 μL 1× PBS containing 2 μM JC-1 dye. Cells were stored at 37 °C in a 5% CO2 humidified incubator for 30 min, then washed with warm PBS before analysis by flow cytometer. Green fluorescing cells were an indication of depolarized mitochondria within a given sample. Approximately 20,000 events were acquired per sample, and data analysis was achieved as mentioned for other cytometric analyses.




2.10. Cell Cycle Analysis


To determine the effect of Tpz-1 on the cell cycle, the DNA content of individual cells was quantified by nuclear isolation medium (NIM)-DAPI staining (NPE Systems, Inc./Beckman Coulter). The NIM-DAPI reagent simultaneously permeabilizes plasma membranes and stains cellular DNA with a violet-excited DNA-intercalating agent (DAPI). A cell’s DAPI signal is directly proportional to the amount of cellular DNA such that G0/G1 < S < G2/M, hence DAPI fluorescence intensity was used to quantify the percentage of cells in each phase of the cycle for each sample. For this experiment, asynchronously cultured HL-60 and CCRF-CEM cells were separately seeded in 24-well plates at a density of 50,000 cells/well in 1 mL of complete culture media, incubated overnight, and treated with the appropriate 24 h ¼ CC50 or ½ CC50 of Tpz-1 for 72 h. These concentrations were selected for consistency with our other cytometric analyses. 0.1% v/v DMSO, 100 μM H2O2, and untreated controls were also included. All treatments were assessed using three independent measurements. After treatment, cells were collected and centrifuged at 262× g for 5 min. The supernatant was discarded, cell pellets were resuspended in a mixture of 100 μL 1× PBS and 200 μL NIM-DAPI solution, then quickly analyzed via flow cytometer. Fluorescent signal was captured using an FL9 detector and a 405 nm laser. Approximately 20,000 events (cells) were analyzed per sample, with data analysis achieved as previously mentioned.




2.11. Phospho-Kinase Arrays


The phosphorylation of tyrosine-protein Src family and mitogen-activated protein (MAP) kinases were assessed on Tpz-1 treated vs. untreated cells via Multiplex Luminex assay kits. The phosphorylation status of MAP kinases CREB, JNK, NFĸB, p38, ERK 1/2, Akt, p70S6k, STAT3, and STAT5 were detected via the Milliplex MAP human multi-pathway signaling network kit (Millipore). Similarly, phosphorylation of Src kinases Src, Fyn, Yes, Lck, Lyn, Fgr, Blk, and Hck were detected using the Milliplex MAP 8-Plex human Src family kinase kit (Millipore). In these experiments, 5 × 106 HL-60 cell samples were collected in microcentrifuge tubes and treated with a sub-CC50 dose, 0.01 μM or 0.1 μM, of Tpz-1 and incubated for 3 h at 37 °C. The cells in each sample were lysed, their protein concentrations determined, and Multiplex Luminex assays were performed following the same procedure as the experimental compound P3C [7]. Acquisition and data analysis were performed using Luminex xPONENT 3.1 software.




2.12. Confocal Microscopy


To assess the effect of Tpz-1 on cytoskeletal architecture, non-tumorigenic Hs27 and cervical adenocarcinoma HeLa cell lines were utilized [31]. Cells were detached from their vessels and separately seeded into thin-bottomed 96-well plates at a density of 2.5 × 103 cells in 100 μL complete medium and incubated at 37 °C overnight to promote reattachment. The next day, a 10 µM dose of Tpz-1 was applied to Hs27 cells and a 0.19 µM dose to HeLa cells for 4 h and 24 h, respectively. Additionally, vehicle (1% v/v DMSO), actin polymerization inhibitor (5 μg/mL Cytochalasin-D), tubulin stabilizer (1 μM Paclitaxel), and untreated controls were included.



After incubation, 100 μL of freshly prepared 8% formaldehyde was added directly to each well as a fixative solution, and the plate was incubated at room temperature for 20 min. Next, the liquid in each well was removed, and 200 μL of 0.1% v/v Tween 20 in 1× PBS was added for washing/permeabilization and then incubated for 10 min at room temperature. After washing cells twice more, the liquid was removed from each well and 200 μL of 5% w/v bovine serum albumin (BSA) dissolved in Tris-buffered saline with 0.5% v/v Tween 20 (TBS-T) was added for blocking purposes. Samples were then incubated at room temperature and on a rocking platform for 1 h with the blocking solution to minimize non-specific binding. Afterward, samples were triple-stained with 50 μL of 0.1% v/v Tween 20 in 1× PBS solution containing 5 μg/mL DAPI to visualize nuclei, 0.165 μM Alexa Fluor 568-conjugated phalloidin for actin microfilaments (F-actin), and 0.5 μg/mL Alexa Fluor 488-conjugated anti-α-tubulin monoclonal antibody for microtubules (polymerized tubulin). The stained cells were protected from light and placed on a rocking platform for 1 h at room temperature. Next, samples were washed three times with 200 μL of 0.1% v/v Tween 20 permeabilization solution. After the final wash, cells were kept in a fresh 200 μL of 0.1% v/v Tween 20. Images of stained cells were subsequently captured on three fluorescent channels (DAPI, Alexa-568, and Alexa-488) with a Zeiss LSM-700 confocal microscope equipped with an EC Plan-Neofluar 40×/1.30 oil DIC objective. A 1-Airy Unit (AU) pinhole setting was consistently utilized for each channel. For image acquisition and analysis, the ZEN 2009 software was used (Zeiss, New York, NY, USA).




2.13. Statistical Analysis


All flow cytometry experimental points are representative of three independent measurements, whereas, for differential nuclear staining, four independent measurements were performed. Eight independent measurements were used to obtain the total cell count for vehicle-treated samples in each DNS assay. Experimental values are reported as the average of independent measurements per treatment with corresponding standard deviation. Statistical significance was determined by two-tailed paired Student’s t-tests (p = 0.05) comparing treatment samples to vehicle controls; p-values ≤ 0.05 were considered significant. Significance values are reported as * p < 0.05, ** p < 0.01, and *** p < 0.001.





3. Results


3.1. Drug Screening Identified a Thienopyrazole Derivative (Tpz-1) with Potent Cytotoxicity against Several Cancer Cell Lines


We initiated a high-throughput screening project of 2000 compounds from the ChemBridge DIVERset chemical library in search of novel cancer-killing compounds. Cytotoxicity of each compound was first explored via DNS assay against the acute lymphoblastic leukemia cell line CCRF-CEM, and compounds that elicited 50% or greater cell death after 48 h of exposure were isolated for further analysis. Tpz-1 (Figure 2) emerged as the most attractive candidate, with a CC50 of 0.25 μM toward the CCRF-CEM cell line, and. was thus retested for its ability to induce cell death in other cell types.




3.2. Tpz-1 Displays Highly Selective Cytotoxicity against Leukemia and Lymphoma Cell Lines


To elucidate the potential selectivity of Tpz-1 toward different cell types, cytotoxicity was examined against a panel of human cell lines derived from a variety of cancerous blood and tissues.



The cytotoxicity of Tpz-1 toward individual cell lines was assessed between 24–72 h of exposure through the DNS assay. Cells that grow in suspension were evaluated generally after 48 h, whereas adherent cells were incubated for 72 h due to their slower doubling time. In 14 cancer cell lines, the CC50 of Tpz-1 was below 1 µM (Table 1). Additionally, Tpz-1 was noticeably less potent toward non-cancerous Hs27 cells.



From the CC50 values calculated at 48 h and 72 h, selective cytotoxicity index (SCI) scores were calculated by dividing the CC50 of Hs27 cells by the CC50 of individual cancer cell lines (Table 2). Very high selectivity (SCI ≥ 20.37) was observed in CCRF-CEM, Ramos, NALM6, HL-60, and SHSY-5Y cell lines, and scores were also favorable (SCI ≥ 2.0) across the other cancer cell lines we tested. Interestingly, the SCI for hematopoietic cells averaged 13.82; thus, in vitro specificity of Tpz-1 toward blood cancers exists. Of the hematologic cancer cell lines in our panel, Tpz-1 was most sensitive and selective toward leukemias (SCI = 15.48). As a result of this selectivity, the cytotoxicity of Tpz-1 against HL-60 and CCRF-CEM cells was also evaluated via DNS at 24 h, and these cell lines were chosen as our in vitro models to assess Tpz-1′s ability to induce apoptosis.




3.3. Tpz-1 Triggers Movement of Phosphatidylserine to the Outer Plasma Membrane


Tpz-1 treatment caused significant translocation of phosphatidylserine (PS) to the outer leaflet of cell plasma membranes after 24 h, a hallmark event of apoptosis [40]. To distinguish between apoptotic and necrotic cell death, we performed an Annexin V-FITC/PI assay. The Annexin V protein (~36.8 kDa) is a high-affinity ligand of PS, which, when conjugated to the fluorophore fluorescein-5-isothiocyanate (FITC), can be readily detected by flow cytometry when bound to PS. In this experiment, cells in the early stages of apoptosis were distinguished by their emission of FITC signal. In contrast, membrane-compromised late-stage apoptotic and necrotic cells were detected by propidium iodide (PI); those positive for both FITC and PI were considered apoptotic, and those only positive for PI were deemed necrotic. Our results showed significant PS translocation after 24 h of exposure to Tpz-1 at the predicted 24 h CC50 and 2xCC50 concentrations (HL-60 p < 0.001, Figure 3a; CCRF-CEM CC50 p < 0.05 and 2xCC50 p < 0.001, Figure S1a), suggesting that the primary mode of cell death for this compound is apoptosis.




3.4. Tpz-1 Induces Caspase-Dependent Apoptosis


To support our evidence that Tpz-1 induces apoptosis, caspase-3/7 activation was measured in CCRF-CEM and HL-60 cells by flow cytometry. Caspase-3/7 is an integral part of the intrinsic and extrinsic pathway machinery; therefore, cells were treated with the CC50 or 2xCC50 of Tpz-1 for 6 h (both cell lines) or 8 h (CCRF-CEM only) to sufficiently stimulate apoptosis before staining for cleaved caspase-3/7 and to optimize fluorophore signal intensity. Our results revealed a modest but significant activation of caspase-3/7 in the two Tpz-1 treatments (HL-60 p < 0.01; CCRF-CEM p < 0.05) compared to vehicle-treated control samples at 6 h (Figure 3b and Figure S1b). Decreased caspase-3/7 activation was observed at the 8 h time point in CCRF-CEM cells (Figure S2), indicating that peak caspase-3/7 activation occurs closer to 6 h after treatment. Similarly, to determine if Tpz-1 stimulates extrinsic apoptosis, we evaluated for the activation of the key initiator, caspase-8; however, we did not detect an increase in activity after 4 h of treatment (Figure S3). Together, this data puts forth intrinsic apoptosis as a probable mode of cell death inflicted by Tpz-1.




3.5. Tpz-1 Causes Cell Stress through an Accumulation of Reactive Oxygen Species


Reactive oxygen species (ROS) indicate cellular homeostatic disturbance, and their accumulation promotes apoptosis [41]. To assess for physiological damage inflicted by Tpz-1, ROS accumulation was quantified with the carboxy-H2DCFDA reagent and analyzed by flow cytometry. Accumulation of ROS in HL-60 and CCRF-CEM cells was assessed after exposure to the 24 h CC50 or 2xCC50 of Tpz-1 for 18 h. Significant ROS accumulation in Tpz-1 treated samples was evident (p < 0.001; Figure 3c and Figure S1c), suggesting the contribution of oxygen radicals to apoptosis.




3.6. Tpz-1 Treatment Disrupts Mitochondrial Function


The intrinsic apoptosis pathway is associated with mitochondrial outer membrane permeabilization that drives the release of ROS and pro-apoptotic proteins from mitochondria [36,42]. Therefore, we investigated the loss of mitochondrial membrane integrity using the JC-1 reagent. The JC-1 dye enters and accumulates in functional mitochondria to form red fluorescent complexes. In contrast, in mitochondria that have lost membrane potential, the dye can no longer accumulate and emits green fluorescence. An increase in green emission signal can therefore distinguish compound-induced mitochondrial depolarization. Our analysis revealed a slight but significant depolarization of mitochondria in HL-60 and CCRF-CEM cells after treatment with Tpz-1 (p < 0.05) for 5 h (Figure 3d and Figure S1d). This data additionally supports the involvement of the intrinsic pathway of apoptosis.




3.7. Tpz-1 Cell Death Is Restricted to Cells in the G2/M Phase


To assess the dependence of Tpz-1 activity on the cell cycle, phase distribution was evaluated in HL-60 and CCRF-CEM cells after treatment with the 24 h ¼xCC50 or ½xCC50 Tpz-1 for 72 h. Low concentrations of Tpz-1 were used to minimize the interference of fragmented DNA in our assessment. Samples were stained with a nuclear isolation medium containing the fluorophore DAPI (NIM-DAPI) post-incubation. In this assay, the DAPI signal is proportional to the amount of cellular DNA at each phase. Thus, its emission was used to quantify the DNA content in each sample by flow cytometry. As predicted, a significant increase in DNA fragmentation (represented by the sub-G0/G1 phase) was evident in both HL-60 and CCRF-CEM and denoted the apoptotic population in each sample (¼xCC50 p < 0.05; ½xCC50 p < 0.001). Although DNA fragmentation was successfully attenuated in HL-60 cells (~10% of the population), the sub-G0/G1 population was twice as large in CCRF-CEM (~20%). A decrease in the G2/M phase was seen in HL-60 cells treated with Tpz-1, revealing an inverse relationship between Tpz-1 treated cells in the sub-G0/G1 and G2/M stages of cell division (Figure 4). These results establish a potential connection between Tpz-1 activity and cells as they prepare for mitosis. However, the overabundant DNA fragmentation in the CCRF-CEM cell line made it difficult to distinguish the different cell populations (Figure S4), and so it remains unclear if this phenomenon is shared or unique to HL-60 cells.




3.8. Tpz-1 Interferes with Src and MAP Kinase Function


Protein kinases regulate many cellular functions, including proliferation, mitosis, apoptosis, and metabolism. Dysregulation of these processes is frequently oncogenic. Thus, there have been considerable efforts to develop small-molecule kinase inhibitors to treat a variety of cancers. Kinase inhibitors remain a popular target in anticancer drug discovery today, and several have been approved for clinical use in recent years. Studies with other thienopyrazole-derivatives have also shown substantial kinase inhibition [13,16,17,18], prompting the need to assess Tpz-1’s effect on a multi-pathway panel of human kinases. Changes in phosphorylation of Src and MAP kinases were assessed by Multiplex Luminex assay using 0.01 µM or 0.1 µM Tpz-1-treated HL-60 cell lysates. Decreased median fluorescence intensity (MFI) was observed in MAP family kinases p38 (0.01 µM p < 0.05, 0.1 µM p < 0.01; Figure 5), CREB (0.01 µM p < 0.05, 0.1 µM p < 0.01; Figure 5), Akt (0.01 µM p < 0.05, 0.1 µM p < 0.01; Figure 5), and STAT3 (0.01 µM p < 0.05, 0.1 µM p < 0.01; Figure 5) and implies kinase hypophosphorylation; whereas increased MFI/hyperphosphorylation was evident in Src family kinases Fgr (0.01 µM and 0.1 µM p < 0.05; Figure 5), Hck (0.1 µM p < 0.05; Figure 5), and MAP kinase ERK 1/2 (0.01 µM and 0.1 µM p < 0.05; Figure 5).




3.9. Tpz-1 Treatment Impedes Microtubule Organization


To ascertain the effect of Tpz-1 on the cytoskeleton and cell division, non-cancerous Hs27 and cancerous HeLa cell lines were treated and stained to visualize DNA content (DAPI; blue), actin microfilaments (Alexa 568; red), and microtubules (Alexa 488; green). Hs27 cells are large fibroblasts with an elongated shape, making them ideal for observing alterations in cytoskeletal organization; similarly, HeLa’s rapid proliferation and large surface area renders them optimal for observing mitotic spindle changes.



For this experiment, Hs27 cells were treated with 10 μM Tpz-1, 5 μg/mL Cytochalasin-D, 1 μM Paclitaxel, or 1% v/v DMSO for 4 h before fixation and staining. DMSO-treated cells were considered representative of canonical fibroblast morphology, consisting of elongated filaments of both actin and tubulin. Cytochalasin-D and Paclitaxel were used as controls to show microfilament and microtubule organization disruption, respectively. Our analysis revealed a condensed morphology and interruption to microtubule assembly in Hs27 cells treated with Tpz-1 (Figure 6). Similarly, HeLa cells were treated for 24 h with 0.19 μM Tpz-1 or DMSO, Cytochalasin-D, or Paclitaxel controls at the concentrations indicated above. Images were captured at the same stage of mitosis for all treatments, with condensed chromosomes (DAPI; blue) convened at the equatorial plate. Treatment of HeLa with Tpz-1 resulted in multipolar spindle formation (Figure 7). Together these results point to Tpz-1 as a microtubule disrupting agent.





4. Discussion


There remains an unmet need for targeted treatments to help patients of all ages with refractory and secondary acute leukemias [23,43,44,45]. This study identified a unique thieno[2,3-c]pyrazole derivative, Tpz-1, that induced cell death of HL-60 acute myeloid leukemia cells at nanomolar concentrations. Apoptosis was validated as the primary mode of Tpz-1-induced cell death in HL-60 cells by detecting Annexin V-FITC bound to exposed phosphatidylserine at the cell surface (Figure 3a). In addition, caspase-8 inactivity (Figure S3) and statistically significant caspase-3/7 activation (Figure 3b), reactive oxygen species accumulation (Figure 3c), and loss of mitochondrial integrity (Figure 3d) were observed by flow cytometry after Tpz-1 exposure and suggest the involvement of the intrinsic apoptotic pathway in compound-induced cell death. Many of these markers for apoptosis were also evident to a comparable degree in the acute lymphocytic leukemia cell line CCRF-CEM (Figures S1 and S2). However, Tpz-1′s effect on the cell cycle of CCRF-CEM remains unclear due to excessive DNA fragmentation at the tested concentrations (Figure S4).



Thienopyrazoles derivatives have well-documented anticancer activity, yet this class of compounds has been mostly ignored. As with their parent moieties, thienopyrazoles have been described in the literature as kinase inhibitors, anti-inflammatory, and receptor modulating agents [10,11,12]. Many previous studies have focused on the activity of thieno[3,2-c]pyrazole derivatives. However, thieno[2,3-c]pyrazole compounds are also emerging as desirable antitumor, antiviral, antimicrobial, and anti-inflammatory agents [14,17,18,46]. Furthermore, highly specific serine/threonine/tyrosine kinase, enzyme, and ligand-gated ion channel antagonist activity have been associated with thieno[2,3-c]pyrazoles [15,47,48,49]. As with similar thienopyrazole derivatives, Tpz-1 disrupted the activity of MAP and Src kinase pathways, resulting in the decreased phosphorylation of p38, CREB, Akt, and STAT3 and hyperphosphorylation of Fgr, Hck, and ERK 1/2.



The MAP kinase (MAPK) pathway plays an essential role in extracellular signal transduction and is often dysregulated in many cancers. Cellular responses associated with MAPK cascades include proliferation, differentiation, and apoptosis [50]. After treatment with Tpz-1, we observed a change in phosphorylation of MAP-associated kinases ERK 1/2, STAT3, CREB, p38, and Akt (Figure 5). ERK 1/2 was one of three kinases hyperphosphorylated after treatment of cells with Tpz-1. ERK is an extracellular signal-regulated kinase whose activation canonically enhances proliferation by controlling cell cycle progression. However, ERK 1/2 activity has alternatively induced G2/M arrest and apoptosis [51,52,53], which we observed with Tpz-1 (Figure 4). Active ERK facilitates the transfer of extracellular signals to the nucleus by phosphorylation of transcription factors such as STAT3 and CREB. STAT3 and CREB are proto-oncogenes often persistently active in cancer, thus making them valuable therapeutic targets [54,55,56]. Despite our observed increase in ERK phosphorylation, STAT3 and CREB phosphorylation was decreased after treatment with Tpz-1. We theorize that this hypophosphorylation of STAT3 and CREB results from Tpz-1’s concomitant antagonism of p38 and Akt, as STAT3 and CREB are also known downstream targets of p38 and Akt signaling pathways [57,58,59,60].



In addition, ERK plays a role in M-phase progression, chromosome alignment, and microtubule assembly [61,62]. Increased ERK phosphorylation by Tpz-1 could thus potentially disrupt microtubules and lead to mitotic spindle dysfunction. Together, this information suggests that ERK activity contributes to the G2/M phase-dependent apoptosis (Figure 4) and microtubule/spindle disruption (Figure 6 and Figure 7) we observed after exposing cells to Tpz-1.



The Src pathway plays an essential role in extracellular signal transduction, and its activation drives tumor progression and metastasis in many cancers. Fgr and Hck are blood cell-specific Src kinases that were hyperphosphorylated in cells exposed to Tpz-1 (Figure 5). Despite its reputation as a proto-oncogene, elevated Hck activity may act as a tumor suppressor in some leukemias, including AML [63,64], which is relevant to our use of HL-60 cells herein. Likewise, Fgr is constitutively active in many cancers but is also known for its ROS-dependent activation and promotion of healthy mitochondrial complex II function [65,66]. Therefore, our observed increase in Fgr phosphorylation could be attributed to ROS accumulation in cells exposed to Tpz-1 (Figure 3c and Figure S1c).



Interestingly, in a previous search for small-molecule mitotic inhibitors that induce apoptosis of multicellular tumor spheroids, Tpz-1 (compound 5248881) was also identified as a lead compound in a screen of over 10,000 molecules from the ChemBridge DIVERset library [19]. The authors revealed that 5248881 induced a similar expression pattern to well-known tubulin inhibitors, inhibited tubulin polymerization in vitro, and caused G2/M cell cycle arrest. Furthermore, this study also determined that 5248881 induced apoptosis by staining the spheroids for caspase-cleaved keratin-18 and active caspase-3 [19].



Our results did not show arrest but have shown that Tpz-1 interferes with the cell cycle (Figure 4), causes cell death and a concurrent loss of cells in the G2/M phase in the HL-60 cell line (Figure 4a,c), and damages the mitotic spindle of dividing cells (Figure 7). Furthermore, another recently published study revealed that Tpz-1 (compound MTPC) could target tumors in mice by encapsulating the compound in gold nanorod-loaded PLGA-PEG nanoparticles [20]. Together, these previous publications and the current study support the continued development of Tpz-1 as a chemotherapeutic candidate.



In conclusion, Tpz-1 is a potent and cytotoxic thieno[2,3-c]pyrazole derivative with potent and specific anticancer activity in vitro. Despite compelling evidence of the diverse biological activity of thienopyrazoles, these findings have brought to light a scarcity of publications focused on this unique scaffold. While the contribution of the thienopyrazole moiety to Tpz-1’s biological activity remains unknown, our data parallels previously studied thieno[2,3-c]pyrazoles. Research to further elucidate Tpz-1’s mechanism of action is ongoing. Until then, we hope that this work inspires our colleagues to consider thienopyrazole-based compounds in small-molecule anticancer drug formulations.
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Figure 1. Chemical structures of pyrazole, thiophene, and thienopyrazoles. 
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Figure 2. Chemical structure of thieno[2,3-c]pyrazole derivative Tpz-1 (N’-(2-methoxybenzylidene)-3-methyl-1-phenyl-1H-thieno[2,3-c]pyrazole-5-carbohydrazide; MW: 390 g/mol). 
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Figure 3. The intrinsic apoptosis pathway mediates Tpz-1-induced cell death. (a) Analysis of phosphatidylserine externalization by flow cytometry showed apoptosis induction in HL-60 cells after 24 h of exposure to CC50 (0.95 μM; p < 0.00001) and 2xCC50 (1.9 μM; p < 0.00001) concentrations of Tpz-1. The percentages displayed represent total (early and late) apoptosis values. (b) Flow cytometry analysis indicated that Tpz-1 CC50 (0.95 μM; p = 0.00646) and 2xCC50 (1.9 μM; p = 0.005941) concentrations induced significant caspase-3/7 activation after 6 h of incubation in HL-60 cells. Positive fluorescence for NucView 488 Caspase-3/7 substrate indicated caspase-3/7 activation. (c) Tpz-1 causes reactive oxygen species accumulation in HL-60 cells at CC50 (0.95 μM; p = 0.000139) and 2xCC50 (1.9 μM; p < 0.00001) concentrations. ROS was quantified using the carboxy-H2DCFDA reagent. (d) Tpz-1 disrupted mitochondrial membrane potential in HL-60 cells after 5 h of incubation. A modest but significant increase in depolarized mitochondria was seen in cells treated with Tpz-1 2xCC50 (1.9 μM; p = 0.029193). Mitochondrial depolarization was quantified using the JC-1 dye; an increase in green fluorescent signal denoted loss of membrane potential. (a–d) Cells were treated with the 24 h CC50 (0.95 μM) or 2xCC50 (1.9 μM) for the HL-60 cell line, and 1% v/v DMSO or 1 mM H2O2 as vehicle and positive controls for cytotoxicity, respectively. Untreated (UNT) controls were also included. The percentages and standard deviations represent the average of three technical replicates. Representative density plots for each experiment are shown. Statistical analysis was achieved by two-tailed Student’s paired t-test, and the asterisk annotations represent the statistical significance of the treatments against the vehicle control; (*) p < 0.05, (**) p < 0.01, (***) p < 0.001. 
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Figure 4. (a) Tpz-1 cytotoxicity is G2-M phase-dependent in HL-60 cells after 72 h of exposure to the 24 h 0.25xCC50 (0.24 μM; Sub G0-G1 p = 0.047421; G2-M p = 0.046939) or 0.5xCC50 (0.48 μM; Sub G0-G1 p = 0.000484; G2-M p = 0.000873). NIM-DAPI was used to stain and quantify the DNA content of each sample. Tpz-1-treated cells displayed DNA fragmentation, denoted by an increase of cells in sub G0-G1, that was concurrent with a loss of cells in G2-M. 0.1% v/v DMSO and 100 µM H2O2 were utilized as vehicle and positive controls for cytotoxicity, respectively. Untreated (UNT) controls were also included. The percentages and standard deviations represent the average of three technical replicates. (b–d) Representative histograms for DMSO, 0.5xCC50 Tpz-1, and H2O2 treated samples. Statistical analysis was achieved by two-tailed Student’s paired t-test, and the asterisk annotations in each graph represent the statistical significance of the treatments against the vehicle control; (*) p < 0.05, (***) p < 0.001. 
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Figure 5. Tpz-1 interferes with Src and MAP pathway signaling in HL-60 cells after 3 h of exposure. Cellular extracts from cells exposed to 0.01 μM Tpz-1, 0.1 μM Tpz-1, or 0.2% v/v DMSO were analyzed for changes in kinase phosphorylation via antibody/bead-based Luminex xMAP technology. The y-axis indicates median fluorescence intensity (MFI) and error bars represent the standard deviations of the average of two technical replicates. Decreased MFI, implying kinase hypophosphorylation was evident in p38 (0.01 µM p = 0.034225; 0.1 µM p = 0.009669), CREB (0.01 µM p = 0.043251; 0.1 µM p = 0.004603), Akt (0.01 µM p = 0.035648; 0.1 µM p = 0.002076), and STAT3 (0.01 µM p = 0.037819; 0.1 µM p = 0.00785); whereas increased MFI, implying hyperphosphorylation was observed in Fgr (0.01 µM p = 0.033102; 0.1 µM p = 0.014181), Hck (0.1 µM p = 0.0426), and ERK 1/2 (0.01 µM p = 0.024866, 0.1 µM p = 0.020551). Statistical analysis was achieved by two-tailed Student’s paired t-test, and the asterisk annotations in each graph represent statistical significance of the treatments against the vehicle control; (*) p < 0.05, (**) p < 0.01. Data acquisition and analysis was achieved via xPONENT 3.1 software (Luminex, Austin, TX, USA). 
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Figure 6. Tpz-1 (10 µM) inhibits tubulin polymerization in Hs27 cells after 4 h of exposure. (a) Tpz-1, (b) 1% v/v DMSO, (c) 1 µM Paclitaxel, and (d) 5 µg/mL Cytochalasin-D treated cells were stained with α-tubulin-Alexa-488 (microtubules), phalloidin-Alexa-568 (microfilaments), and DAPI (nucleus) prior to immunofluorescent analysis by confocal microscopy. DMSO was included as vehicle control, and Paclitaxel and Cytochalasin-D as microtubule and microfilament disruptive agents, respectively. 
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Figure 7. Tpz-1 (0.19 µM) disrupts spindle formation and polarity in HeLa cells undergoing mitosis. (a) Tpz-1, (b) 1% v/v DMSO, (c) 1 µM Paclitaxel, and (d) 5 µg/mL Cytochalasin-D treated cells were stained with α-tubulin-Alexa-488 (microtubules), phalloidin-Alexa-568 (microfilaments), and DAPI (nucleus) prior to examination by confocal microscopy. DMSO was included as vehicle control, and Paclitaxel and Cytochalasin-D as microtubule and microfilament disruptive agents, respectively. Only cells undergoing mitosis were imaged. 
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Table 1. Cytotoxic concentration 50% (CC50) of Tpz-1 in a panel of 17 cancer and 1 non-cancerous cell line at 24 h (top), 48 h, and 72 h (bottom) of exposure.
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Hematological Cancer Cell Lines




	
Cell Line

	
Origin

	
CC50 (µM ± St. Dev) a






	
CCRF-CEM

	
T-cell leukemia

	
0.74 ± 0.18 (24 h)




	
0.25 ± 0.04 (48 h)




	
0.19 ± 0.01 (72 h)




	
HL-60

	
Acute myeloid leukemia

	
0.95 ± 0.03 (24 h)




	
0.63 ± 0.03 (48 h)




	
0.27 ± 0.03 (72 h)




	
Ramos

	
Burkitt’s lymphoma

	
0.30 ± 0.01 (48 h)




	
Jurkat

	
T-cell leukemia

	
0.41 ± 0.004 (48 h)




	
MOLT-3

	
T-cell leukemia

	
2.10 ± 0.14 (48 h)




	
NALM6

	
B-cell precursor leukemia

	
0.24 ± 0.002 (48 h)




	
MM.1S

	
Multiple myeloma

	
0.82 ± 0.08 (48 h)




	
MM.1R

	
Dexamethasone-resistant multiple myeloma

	
0.78 ± 0.02 (48 h)




	
U266

	
Multiple myeloma

	
0.93 ± 0.13 (48 h)




	
RPMI 8226

	
Multiple myeloma

	
0.33 ± 0.01 (48 h)




	
Non-Tumorigenic Cell Lines




	
Hs27 *

	
Foreskin fibroblast

	
6.11 ± 0.03 (48 h)




	
5.72 ± 2.29 (72 h)




	
Solid Tumor Cell Lines




	
MDA-MB-231

	
Triple-negative breast adenocarcinoma

	
1.94 ± 0.19 (72 h)




	
MDA-MB-468

	
Triple-negative breast adenocarcinoma

	
0.80 ± 0.07 (72 h)




	
MCF7

	
ER+ breast adenocarcinoma

	
2.99 ± 0.67 (72 h)




	
COLO 205

	
Colorectal adenocarcinoma

	
0.93 ± 0.03 (72 h)




	
HT-29

	
Colorectal adenocarcinoma

	
0.91 ± 0.06 (72 h)




	
HeLa

	
Cervical adenocarcinoma

	
0.68 ± 0.04 (72 h)




	
SH-SY5Y

	
Neuroblastoma

	
0.21 ± 0.01 (72 h)








a The CC50 refers to the concentration at which 50% of the cell population dies after 24 h, 48 h, or 72 h Tpz-1 exposure; ± values denote standard deviations; * Indicate non-tumorigenic cell lines.
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Table 2. Selective cytotoxicity index (SCI) values of Tpz-1 in 17 cancer cell lines at 48 h (top) and 72 h (bottom) of exposure.
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	Cell Line
	SCI 48 h





	CCRF-CEM
	24.44



	HL-60
	9.70



	Ramos
	20.37



	Jurkat
	14.90



	MOLT-3
	2.91



	NALM6
	25.46



	MM.1S
	7.45



	MM.1R
	7.83



	U266
	6.57



	RPMI 8226
	18.52



	Cell Line
	SCI 72 h



	CCRF-CEM
	30.11



	HL-60
	21.19



	MDA-MB-231
	2.95



	MDA-MB-468
	7.15



	MCF7
	1.91



	COLO 205
	6.15



	HT-29
	6.29



	HeLa
	8.41



	SH-SY5Y
	27.24
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