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Phenotypic Screen Identifies a Small Molecule Modulating ERK2 and Promoting Stem Cell Proliferation









	
	ORIGINAL RESEARCH
published: 24 October 2017
doi: 10.3389/fphar.2017.00726





[image: image2]

Phenotypic Screen Identifies a Small Molecule Modulating ERK2 and Promoting Stem Cell Proliferation


Chang Yin1,2†, Temesgen Fufa1,3†, Gayathri Chandrasekar1,4, Madhu Aeluri1,5, Verina Zaky1, Shaimaa Abdelhady6, Antonio B. Rodríguez7, Johan Jakobsson7, Farzaneh Shahin Varnoosfaderani4, Jayashri Mahalingam8, Jianping Liu7, Olle Larsson2, Outi Hovatta9, Frank Gaunitz3, Anita Göndör2, Michael Andäng5 and Satish S. Kitambi1*


1Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, Stockholm, Sweden

2Department of Oncology-Pathology, Karolinska Institutet, Stockholm, Sweden

3Klinik und Poliklinik für Neurochirurgie, Universitätsklinikum Leipzig, Leipzig, Germany

4Department of Biosciences and Nutrition, Karolinska Institutet, Stockholm, Sweden

5Dr. Reddy's Institute of Life Sciences, University of Hyderabad Campus, Hyderabad, India

6Department of Physiology and Pharmacology, Karolinska Institutet, Stockholm, Sweden

7Department of Medical Biochemistry and Biophysics, Karolinska Institutet, Stockholm, Sweden

8The Pirbright Institute, Woking, United Kingdom

9Division of Obstetrics and Gynecology, Department of Clinical Sciences, Intervention and Technology, Karolinska Institutet, Karolinska University Hospital, Stockholm, Sweden

Edited by:
Surjit Kaila Singh Srai, University College London, United Kingdom

Reviewed by:
Siva Subramanian, King Institute of Preventive Medicine and Research, India
 Hanaa Zaki Yassin, Cairo University, Egypt
 Vimal Kishor Singh, Amity University Gurgaon, India

* Correspondence: Satish S. Kitambi, satish.kitambi@ki.se

†These authors have contributed equally to this work.

Specialty section: This article was submitted to Experimental Pharmacology and Drug Discovery, a section of the journal Frontiers in Pharmacology

Received: 05 June 2017
 Accepted: 27 September 2017
 Published: 24 October 2017

Citation: Yin C, Fufa T, Chandrasekar G, Aeluri M, Zaky V, Abdelhady S, Rodríguez AB, Jakobsson J, Varnoosfaderani FS, Mahalingam J, Liu J, Larsson O, Hovatta O, Gaunitz F, Göndör A, Andäng M and Kitambi SS (2017) Phenotypic Screen Identifies a Small Molecule Modulating ERK2 and Promoting Stem Cell Proliferation. Front. Pharmacol. 8:726. doi: 10.3389/fphar.2017.00726



Stem cells display a fundamentally different mechanism of proliferation control when compared to somatic cells. Uncovering these mechanisms would maximize the impact in drug discovery with a higher translational applicability. The unbiased approach used in phenotype-based drug discovery (PDD) programs can offer a unique opportunity to identify such novel biological phenomenon. Here, we describe an integrated phenotypic screening approach, employing a combination of in vitro and in vivo PDD models to identify a small molecule increasing stem cell proliferation. We demonstrate that a combination of both in vitro and in vivo screening models improves hit identification and reproducibility of effects across various PDD models. Using cell viability and colony size phenotype measurement we characterize the structure activity relationship of the lead molecule, and identify that the small molecule inhibits phosphorylation of ERK2 and promotes stem cell proliferation. This study demonstrates a PDD approach that employs combinatorial models to identify compounds promoting stem cell proliferation.
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INTRODUCTION

Stem cells offer broad biomedical applicability and display fundamentally different mechanism of proliferation (Andang et al., 2008; Johansson et al., 2010; Yang et al., 2011) and differentiation (Andang et al., 2008; Theofilopoulos et al., 2013, 2014) control when compared to somatic cells. This denotes that their tremendous potential can be better realized by understanding such mechanisms. The unbiased approach used in Phenotype based drug discovery (PDD) programs can offer a unique opportunity to identify such novel biological phenomenon.

Phenotypic drug discovery (PDD) screening is re-emerging as an alternative platform of drug discovery (Swinney and Anthony, 2011; Lee et al., 2012; Sams-Dodd, 2013) and offers multiple advantages over target-based screening (Sams-Dodd, 2005; Lee and Berg, 2013). Various cell based and small animal models have been developed and successfully employed for PDD screening and various lead molecules have been identified (Szabo et al., 2017). However, the models employed and the robustness of the phenotypes dictates the scalability of screening and reliable validation of identified hits. In addition, structure-activity relationship and target deconvolution studies are relatively slow in a PDD setup (Szabo et al., 2017). The salient feature associated with phenotypic screening approach is that it evaluates observable phenotypic changes in a cell, tissue or an entire organism irrespective of the underlying mechanism (Lee et al., 2012). This approach has higher biomedical relevance since physiological response, cell to cell/tissue interaction or crosstalk across multiple signaling mechanisms participate in producing the phenotype (Lee et al., 2012). Therefore, to maximize relevant lead identification with an increased therapeutic applicability, a PDD screening setup against a well-defined phenotype is absolutely necessary. For a successful PDD program, phenotype validation across complementary models and its in vivo translation is of utmost necessity. Hence, to minimize false positives and maximize biomedical relevance, a combinatorial screening approach is required and would be beneficial.

Stem cells are a promising model for screening, discovery and development of drugs (Kitambi and Chandrasekar, 2011). Given their potential therapeutic applications, various stem cell PDD platforms have been developed and used in drug discovery and toxicity studies. However, stem cells from different tissues are not the same. In addition, there are limitations with regard to their expandability, hindering large scale PDD screens. Embryonic stem cells (ESC) offer a powerful tool to conduct PDD screens and could have a major impact on drug development and toxicity studies. For a successful PDD on ESCs, screening against a properly defined phenotype and its reproducibility across various PDD screening platforms is necessary. Here, we perform a PDD screen measuring colony size phenotype of mouse and human embryonic stem cells as a readout. This phenotype based screen allows for a straightforward and rapid assessment of effects produced by compounds.

In this study, we conduct a combinatorial phenotypic screening using mouse and human embryonic stem cells and a transgenic zebrafish model to identify one compound increasing stem cell proliferation. The combinatorial use of in vitro and in vivo approaches allows reliable validation of the phenotype and assesses the efficacy of the identified hit. We also use the phenotypic approach to characterize the immediate effects produced by the small molecule, its structure-activity relationship, its mechanism of action and we explore its biomedical applicability. This work demonstrates the strength of a broad combinatorial phenotypic screening approach in phenotype identification, lead generation and validation and its biomedical applicability.

MATERIALS AND METHODS

Cell Culture

Human embryonic stem cells (hESCs) were grown in dishes coated with Matrigel (BD Biosciences). mTesR1 medium was used for hESC cell line HS181 culture (Fu et al., 2011; Rodin et al., 2014). Confluent cells were split 1:3–5 after trypsinization using TrypLE Express (Invitrogen). Mouse R1 embryonic stem cells (mESCs) were cultured as suspension in dishes, in DMEM/F12 containing 0.4 mM 2-mercaptoethanol, 5 mM HEPES and N2 supplement (all from Invitrogen), 1,000 U/ml leukemia inhibitory factor (LIF) and 10 ng/mL basic fibroblast growth factor (FGF) (Chemicon) as described previously (Andang et al., 2008). Adult mouse neural stem cells (mNSCs) were isolated from the lateral ventricle dissected from the brain of C57BL6 mice and cultured in DMEM medium containing Glutamax medium at a final concentration of 2 μM (Invitrogen, USA), FGF-2 (20 ng/ml), B27, and EGF (20 ng/ml for each) as previously described (Wachs et al., 2003). Human foreskin fibroblast cells were grown in DMEM medium with 10% fetal bovine serum (all from Invitrogen).

Human embryoid bodies (EB) were generated as previously described (Fu et al., 2011; Rodin et al., 2014). HS181 hESC cells were grown on laminin-521 coated 6 well plates (Sarstedt) with each well containing 3,000 cells. Knockout DMEM supplemented with 2 mM L-glutamine, 20% fetal calf serum, 0.1 mM β-mercaptoethanol and 1% non-essential amino acids (all from GIBCO) was used to culture cells. EB's were obtained after 1–2 weeks of culture.

Small Molecules

The NCI Diversity Set II small molecule library containing 1364 small molecules was analyzed in silico using JChem for Excel (ChemAxon) for clustering based on amenable chemistry and structural compatibility for biological testing. The identified compounds were obtained as 10 mM DMSO stock solution from the NCI/DTP Open Chemical Repository (http://dtp.nci.nih.gov/) and used in the subsequent screening.

The identified lead compound and compounds that were structurally similar to the lead were purchased from Enamine (www.enamine.net). Small molecule Ulixertinib was purchased from Tocris Biosciences. All compounds were dissolved in DMSO to a stock concentration of 10 mM.

Small Molecule Screening Setup and Hit Selection

Three parallel PDD screens were undertaken on mESCs, hESCs, and islet1:GFP transgenic zebrafish using the NCI Diversity Set II small molecule library.

mESC Screen and Hit Selection

Clear-bottom 96-well microtiter plates (Corning) were coated with 0.2% gelatin (Sigma) 3 h prior to use for primary screening with mESCs. Cells were diluted and seeded at a density of 10,000 cells per well in 100 μl of medium. The compounds at final concentration of 5 μM were added into each well after seeding. Cells were cultivated for 4 days allowing the formation of colonies. Outer wells were not used for screening, but served as control wells. Bright-field images of colonies were acquired after 4 days of culture with or without compound. A simple phenotypic screening assessing mESC colony sphere size was used as endpoint to categorize compound effects.

hESC Screen and Hit Selection

Human ESC cells were cultured (10,000 cells per well in 100 μl of medium) as above in 96 well plates and exposed to 87 compounds (to a final concentration of 5 μM) identified from mESC screen. Cell viability was measured post 10 days of treatment with compound. A total of 33 compounds were identified in the hESC primary screen. These 33 compounds were then subjected to rescreening and top five compounds were selected. These top five hits (including D1) produced an increase in ATP of mESC and hESC cells.

Compound Treatment of Human Embryoid Bodies

To perform compound treatment on human embryoid bodies (EBs), HS181 cell were plated in a 6-well plate with each well containing 3,000 cells. To the EB culture medium (as described above) DMSO or 0.05 μM D1 was added. Culture medium with or without compound was changed every second day and the treatment was performed for 11 days. Post 11 days of culture, the generated EBs were photographed, fixed and taken for immunostaining as previously described (Rodin et al., 2014).

Zebrafish Screening

A zebrafish-based screening platform was used using the CellIQ imaging system. Transgenic zebrafish embryos Tg(isl1:GFP), with GFP expression controlled by the islet1 promoter, were obtained by natural mating and collected in egg water with 0.03% PTU (N-Phenylthiourea) to inhibit pigment formation. Three to five embryos were distributed into the wells of a 96-well plate with 100 μl of PTU treated egg water. Compounds (final concentration 10 μM) were added into the corresponding wells for 48 h incubation. Each well was photographed 48 h post-fertilization (hpf) using the built-in setup in CellIQ. Fluorescence of GFP in each well was quantified and the signal intensities were compared with those of control wells treated with DMSO. Compounds inducing a higher GFP fluorescence were plotted using Microsoft excel.

A majority of compounds did not produce any observable effects, 1% of the compounds caused developmental delay and 0.2% were lethal to the embryo (Supplementary Figure 1D). Quantification of GFP intensity was done to identify six compounds that showed an increase in intensity without producing any developmental defects on the zebrafish embryos (Supplementary Figure 1E). One compound out of the six (D1) that produced an increase in both mESC colony size and hESC cell viability was selected as hit. The hit compound D1 produced an increase in colony size and viability of mESC and hESC and increased GFP signal in zebrafish.

Kinome Screen

The protein kinase siRNA library (SMARTpool, Cat. No. G-003505-E2-01, 719 genes in three 384-well plates) was purchased from Thermo Scientific (Sweden) and diluted with siRNA buffer (# B-002000-UB-100, GE LifeScience) to 400 nM. Replicates of the library were prepared as ready-for-transfection (5 μl/well of 400 nM siRNA) using Biomek FXp Liquid Handling Automation Workstation (Beckman Coulter, Sweden) and frozen till use. BD falcon 384-well black plates with clear bottom (Cat. No. 353962, VWR, Sweden) was used for screening. Before transfection, the plates were thawed to room temperature, a reverse transfection mix of 5 μl/well of Opti-MEM reduced serum medium (Cat. No. 31985062, Thermo Scientific) containing 0.5 μl HiperFect transfection reagent (Cat. No. 301704, Qiagen) was added into the siRNA plates containing 5 μl of 400 nM sample or control siRNAs. After brief shaking, the plates were incubated at room temperature for about 10–15 min. On top of the siRNA-HiPerFect complex, 10,000 mESC cells in 40 μl were added (40 nM siRNA). The cells were cultured for 12 h prior at 37°C. Post-incubation, 50% of the media was carefully removed from the top portion of each well and replaced with fresh mESC media. After a total 48 h of incubation, 50% of media was carefully removed from the top portion of each well and replaced with fresh media containing DMSO or 0.05 μM D1. The plates were then incubated for 48 h and then taken for cell viability measurement.

Post-viability measurement, the values obtained from D1 treated cells were subtracted from DMSO treated cells to obtain relative change of values. The relative change of viability in D1 treated cells post-siRNA knockdown of all kinases values were plotted using Prism Software.

Cell Viability and Cytotoxicity Studies

Influence on cell viability and cytotoxicity was determined by using mESCs or hESCs cultivated in 384-well microtiter plates at a density of 10,000 cells per well in 45 μl of growth medium. Then, an appropriate concentration of a compound to be tested was added to the wells (5 μl) and the cells were incubated for four days (mESCs) or for 4 or 10 days (hESCs). Cell viability was determined using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega) measuring the total amount of ATP in cell lysates. In addition, the CytoTox-Glo Cytotoxicity Assay (Promega) was employed to determine the release of lactate dehydrogenase from the cells as a measure of a necrotic loss of membrane integrity. Triplicate or quadruplicates were used to assess the effect produced and standard deviation (STD) was used to measure the statistical significance.

For the determination of the dose-response effect, a 96-well compound plate (TPP, 92097) was prepared for a serial dilution of each compound from 10 mM to 0.17 mM in 100% DMSO in columns 1–11. Negative (100% DMSO) and positive (Staurosporin) controls were placed in rows A–D and E–H, respectively, of column 12. The compounds (10 μl) were subsequently diluted with 190 μl of growth medium and 5 μl compound solution of each dilution was transferred to quadruplicate wells of a sterile 384-well black clear bottom plate (BD Falcon) containing cells in 45 μl of growth medium. The plate was incubated for 24 or 72 h, followed by luminescence measurements using a Victor3 (Perkin Elmer) microplate reader. Total luminescence was normalized to the DMSO negative controls and curve fitting was performed using GraphPad Prism (v6.02).

For phenotype-based assessment of structurally similar compounds, a dilution series was performed in a 96-well plate using mESCs. Cells were incubated for 4 days prior to imaging and the colony size was calculated using ImageJ. The values were then used to generate a heatmap representing mESC colony size. Triplicate or quadruplicates were used to assess the effect produced and standard deviation (STD) was used to measure the statistical significance.

Flow Cytomentry Based Analysis

For Flow cytometry-based cell cycle profiling, mESCs were incubated for 2 or 4 days with either DMSO or compound at the concentrations indicated. Then, cells were pulsed 20 min with EdU or BrdU, followed by dissociation and resuspension in 1 ml PBS. Then, cells were fixed with 75% ethanol overnight and rehydrated in PBS, followed by EdU or BrdU staining and propidium iodide (PI) (Roche) staining as described previously (Andang et al., 2008).

The percentage of apoptotic and dead mESCs was quantified by flow cytometry after double staining with Annexin V and propidium iodide (PI) (Roche). In brief, after treatment with DMSO, compound or staurosporin, mESCs were trypsinized, suspended in 100 μl incubation buffer containing 2 μl Annexin V and 2 μl PI supplied in the kit, and kept in the dark for 10 min at room temperature. The cells were analyzed within 1 h. Flow cytometry was performed using a FACScan instrument and CellQuest Pro. Triplicate were used to assess the effect produced and standard deviation (STD) was used to measure the statistical significance.

Final analysis was done using FlowJo software (Tree Star, Ashland, OR, USA).

Cell Immunohistochemistry

The cells were permeabilized with PBS containing 0.1% Triton X-100 and blocking was performed with PBS containing 5% BSA. Immunostaining of mESCs or mNSCs was performed using anti-Oct4 (Millipore), anti-SSEA (Millipore), anti-Nestin (abcam), anti-GFAP (abcam), anti-active cleaved caspase 3 (abcam) for mouse mESCs or NSCs and anti-Nanog (Cell Signaling), anti-Oct4 (Millipore), anti-sox2 (Cell Signaling), anti-nestin (Cell Signaling) and anti-GFAP (abcam) for hESCs. Analysis by microscopy was performed after costaining with DAPI.

Cell Extracts and Western Blotting

Cell extracts were obtained by using RIPA buffer (ThermoFisher Scientific). Samples were analyzed by western blotting with the following antibodies: anti-nucleolin (abcam), anti-sox2 (Millipore), anti-oct4 (Millipore), anti-p44/p42 ERK1/2 (Cell Signaling), anti-phospho-p44/p42 ERK1/2 (Cell Signaling) and anti-β-actin (Millipore) using antibody dilutions as recommended by the manufacturer. Triplicate were used to assess the effect produced and standard deviation (STD) was used to measure the statistical significance.

RNA Isolation and cDNA Synthesis

Total RNA from DMSO or compound treated mESCs was isolated using an RNA isolation kit (RNeasy Mini Kit, Qiagen) according to manufacturer's protocol. Three hundred nanograms of total RNA was used for cDNA synthesis using SuperScript III First strand synthesis and SuperMix (Invitrogen) was used for qRT-PCR according to manufacturer's protocol.

Quantitative PCR

Quantitative PCR was performed using the SYBR® Select Master Mix kit (Applied Bioscience) and the primers as listed in Table 1. Samples were analyzed on a Rotor-Gene 6000 and data was obtained by the Corbett research series software 1.7. Runs were performed with initial 2 min heat activation at 95°C followed by 40 cycles of 30 s at 95°C, 30 s at 60°C and 60 s at 72°C. Relative expression levels and significance were determined using the ΔΔCt method and presented after analysis by GraphPad Prism 6. Triplicate were used to assess the effect produced and standard deviation (STD) was used to measure the statistical significance.


Table 1. qPCR primers designed against mouse target genes.
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Animal Maintenance and Tissue Collection

All animal work was performed in accordance with the national guidelines and after approval by the local ethical committee Stockholm Norra Djurförsöksetisks.

For mice experiments, wildtype mice were housed spaciously and experiments were carried out according to the approved protocols. Perfusion and fixation were performed as previously described (Deferrari et al., 2003; Phiel et al., 2003).

Wild type or transgenic zebrafish were maintained at 28.5°C under standard conditions of light/dark cycle, feeding, care and egg collection. Embryos were collected in egg water after natural mating and staged according to Kimmel et al. (1995). Embryos were staged in hours post-fertilization (hpf) and days post-fertilization (dpf). The collected embryos were first anesthetized using 0.1% Tricane, kept on ice and fixed at different stages in 4% PFA overnight, then washed with PBS containing 0.1% Tween-20 (PBSTw).

Compound Treatment in Zebrafish

Zebrafish embryos were collected and distributed in a 6 well plate with each well containing 10 embryos. Embryos were then incubated with 2 ml of egg water with or without compound. DMSO was added as control and D1 was tested at two different concentrations (10 and 15 μM). The embryos were incubated for 2 or 3 days after which they were anesthetized using Tricane on ice and photographed.

Mouse Neural Stem Cell Isolation and Culture

Neural stem cells from adult C57BL6 male mice were isolated according to previously published protocols (Wachs et al., 2003; Sievertzon et al., 2005). Equal amounts of cells isolated from the lateral ventricle were distributed in 12 well culture dishes (Corning) and treated with 0.05 μM D1 or DMSO. The cultures were allowed to grow for 4 days after which the spheres obtained were counted, fixed and used for immunostaining.

RESULTS

Identification of a Lead Compound Using Combinatorial Models Based Screening

Three parallel models were employed to conduct phenotypic screening in order to identify the lead compound 1-(4-anilinophenyl)-3-(2-chlorophenyl) urea (PubChem substance ID SID26664806) abbreviated as D1 (Figure 1A, Supplementary Figures 1A–E, 2A). Mouse embryonic stem cells (mESCs) were grown as suspension cultures and exposed to 1,364 different small molecules from the NCI Diversity set II library at 5 μM concentration for 4 days. A simple phenotypic screening assessing mESC colony sphere size was used as endpoint to categorize compound effects. DMSO was used as solvent for the compounds here and treatment with similar concentration of DMSO produced a phenotype similar to untreated control cells. Our screening showed that 62.6% of the compounds produced a colony size similar to that seen with DMSO treatment, which was classified as control (Supplementary Figure 1A). Eighteen percent of the compounds were lethal and classified as phenotype 1, 13% of the compounds produced smaller mESC colonies and were categorized as phenotype 2. A mixture of large and small colonies, categorized as phenotype 3, was produced by 2.4% of the compounds (Supplementary Figure 1A). The screen also identified 4% of the compounds, including D1, to increase colony size (Supplementary Figure 1A), grouped as phenotype 4. A total of 87 compounds, producing phenotype 3 and 4 (Supplementary Figure 1A, Supplementary Table 1), were selected for further screening to assess the cell viability of human embryonic stem cells (hESCs) (Supplementary Figures 1B,C, Supplementary Table 1). Cell viability screening and rescreening identified five compounds, including D1, which consistently produced an increase in ATP (Supplementary Figures 1B,C). In parallel to the mESC and hESC based screening, a phenotypic screening using zebrafish embryos expressing green fluorescence protein (GFP) under the control of the Islet1 promoter was performed. Transgenic zebrafish embryos at one cell stage were exposed to compounds at 10 μM and their effects on embryo development and GFP intensity were scored using bright field and fluorescent imaging. The screen identified that the majority of compounds did not produce any observable effects, 1% of the compounds caused developmental delay and 0.2% were lethal to the embryo (Supplementary Figure 1E). Quantification of GFP intensity identified six compounds that showed an increase in intensity without producing any developmental defects on the zebrafish embryos (Supplementary Figure 1F). One compound (D1) out of the six also that produced an increase in mESC colony size and hESC cell viability while not producing any effect on fibroblast cells (Supplementary Figure 1D). Thus, using a combination of in vitro and in vivo phenotypic screening we identified D1 that increased mESC colony size, hESC cell viability and produced an increase in GFP expression in zebrafish embryos.
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FIGURE 1. Overview of phenotypic screen and hit characterization. (A) Phenotypic screening overview showing two parallel screens performed on embryonic stem cells (mouse mES, human hES) and zebrafish, and identification of lead compound D1. (B) Effect on colony size after treatment with different concentrations of compound D1 on embryonic stem cells. (C) Cell viability assay of D1 measuring ATP levels of mESCs after 4-day treatment with different concentrations. (D) Cytotoxicity of D1 on mESCs at different concentrations after 4-day incubation. (E) Cell viability assay measuring ATP after 4-day treatment of mESCs with 0.05 μM D1. (F) Cell count after 4-day treatment of mESCs with 0.05 μM D1. (G) Number of mESC colony spheres obtained after 4 days of treatment with DMSO or 0.05 μM D1. (H–K) Number of cells obtained and the effect on ATP after treating hESCs for 4 and 10 days with DMSO or different concentrations of D1. (L) Flow cytometry based cell cycle analysis after 4-day treatment of mESCs with 0.05 μM D1. (M) Flow cytometry based quantification of EdU positive cells after 2-day treatment of mESCs with 0.05 μM D1. (N,O) Assessment of pluripotency of mESCs using western blotting (N) and immunostaining (O) after 4-day treatment with 0.05 μM D1. (P) Quantitative PCR based measurement of various pluripotency and differentiation markers of mESCs treated with DMSO or 0.05 μM D1. (Q) Immunostaining of hESCs to assess the expression of pluripotency markers. (R) Quantification of apoptosis using Annexin V staining after 4-day treatment of mESC with 0.05 μM D1. mESC, mouse embryonic stem cells; hESC, human embryonic stem cells. Data represent mean ± STD, *P < 0.05, **P < 0.01, ***P < 0.001 compared to control treatment.



D1 Causes Increase in Proliferation In Vitro

In order to understand the phenotype produced by D1, a dilution series experiment was performed on mESCs and hESCs and its effect on colony size was assessed. Exposure to D1 produced large colonies in both in vitro models at lower concentrations (Figure 1B). The colony size dramatically decreased with increased concentrations of D1 indicating a cytotoxic effect (Figure 1B). The phenotype produced on mESC colony size was also reflected by cell viability and cytotoxicity measurements, in which lower concentrations of D1 were shown to increase cell viability and to cause less cytotoxicity (Figures 1C,D). Based on these results, further in vitro evaluation on mESC was done with 0.05 μM D1, unless otherwise specified. Exposure to D1 increased mESC colony sphere size and sphere number (Figure 1G, Supplementary Figure 2A), cell viability (Figure 1E) and number (Figure 1F), produced a broader G2 phase (Figure 1L, Supplementary Figure 2B) with increased EdU or BrdU labeling at 2 days (Figure 1M) and 4 days of culture (Supplementary Figure 2C) indicating more cells in the S phase of the cell cycle. Exposure of hESC culture to 0.1, 0.05, and 0.01 μM D1 was done and its effect on cell number and ATP levels was measured at 4 and 10 days of culture (Figures 1H–K). An increase in cell number and ATP levels was seen at both 0.05 and 0.1 μM D1 treatments for 4 and 10 days, however, 0.01 μM D1 treatment resulted in a significant increase only after 10-day culture, suggesting that treatment with lower concentrations requires a longer period of exposure to produce an effect (Figures 1H–K). In conclusion, the results demonstrated that D1 treatment produced more cells, increased colony size of both mESC and hESC cells.

Effect of D1 on Pluripotency

To examine the effect on pluripotency, mESCs and hESCs were exposed to D1 for 4 and 10 days, respectively, and pluripotency was assessed using various markers (Figures 1N–Q, Supplementary Figures 2D,E). Western blotting of mESC extracts and immunostaining with pluripotency markers on mESCs and hESCs did not show any difference between treatment and controls (Figures 1N–Q, Supplementary Figure 2D). Quantitative PCR with RNA isolated from mESCs using primers for various pluripotency and differentiation markers (Table 1) revealed that D1 treatment neither produced any changes in pluripotency nor induced expression of differentiation markers (Figure 1P). Immunostaining on neurospheres obtained from lateral ventricle culture of mouse brain also did not produce any change in pluripotency marker expression (Supplementary Figure 2E). These results indicated that D1 treatment allowed cells to maintain their pluripotent state and does not promote expression of differentiation markers in mESC cultures.

In Vitro Evaluation of the Effects of D1

Quantification of apoptotic cells was done to examine whether the increase in proliferation of mESCs was due to decrease or suppression of apoptosis. A FACS based quantification of apoptotic cells did not show any significant change in apoptotic cells (Figure 1R) indicating that D1 did not promote or suppress apoptosis of mESCs. This was also confirmed by immunostaining for active cleaved caspase 3 in mESCs cultured with or without D1 (Supplementary Figure 2F). Compound D1 did not increase the number of apoptotic cells and measurement of relative mRNA and protein expression of various pluripotency markers did not show any significant change, suggesting that the stemness of D1 treated cells was similar to that of untreated cells in both mESC and hESC cultures (Figures 1N–R, Supplementary Figures 2D–F). Treatment with D1 on hESC cells did not alter embryoid body generation indicating that the compound did not interfere with the differentiation process (Supplementary Figures 2G,H). These results demonstrate a phenotypic screening approach for the identification of a small molecule that causes stem cell proliferation without compromising its pluripotency or differentiation potential.

Phenotypic Assessment of Structure Activity Relationship (SAR) of D1

To improve our understanding of D1, a structure activity relationship (SAR) studies was performed by measuring colony size. The SAR studies were conducted using a total of 39 structurally similar commercially available urea derivatives (Table 2). A total of 28 compounds grouped into Class I was characterized by N,N′-diphenyl substitution, one compound where a phenyl ring in Class I was replaced with an oxazole ring was characterized as Class II (Figure 2A, Table 2). A total of 10 compounds where one of the phenyl rings in Class I was substituted with aliphatic cyclic or acyclic alkyl groups was characterized as class III (Figure 2A, Table 2). The effects of the compounds on mESC and hESC colony size was measured (Figures 2B–D) and filtered using cell viability measurements done on mESC cells (Figure 2E). The SAR analysis identified that 9 compounds belonging to class I (Figures 2B–D) and one compound belonging to class III, caused a significant increase in the mESC and hESC colony size (Figures 2B–D). Phenotypic assessment showed that substitution of a phenyl ring with aliphatic cyclic or acyclic alkyl groups or oxazole renders the compounds to be more toxic (Figures 2B–D). The data from compounds A3-A6 demonstrated that replacing Cl at R1 by H or F, substitution at R2 with Me and at R3 with F or Cl has little or no effect on activity when compared to D1. When phenylamine at R6 was replaced with 4-tetrahydropyranylamine or acetylamine as seen in B4, B5, B6, an increase in colony size over a broad range of concentrations was observed. However, when substitutions were made at R1 with H, at R3 with sulfonamide and at R6 with piperidine or nitro groups as in B1, B2, B3 or when the hydrogen atom present on nitrogen of 4-phenylamino (R6) was substituted with isopropyl as in B7 to C2, an increase in toxicity and a decrease in colony size was observed at higher concentrations (Figures 2B–D, Table 2). Compounds E6-E8 and F1-F7, which were obtained by replacing the 4-phenylamino group (R6) of D1 with hydrogen or bromine and substituting R4, R5, and R7 with various groups such as halo, alkyl, ester, alkoxyl or heterocycles, showed an increase in colony size over a narrow range of concentrations with higher concentrations being toxic (Figures 2B–D, Table 2). Compounds belonging to class II and III showed an overall decrease in colony size (Figures 2B–D, Table 2). Cell viability screen on mESC cells (Figure 2E, Table 2) using two concentrations identified compound B4 as the only compound, in addition to D1, that increases colony size in mESC and hESC and produce increase in viability of mESC (Figures 2B–E, Table 2). Similar to hit D1 which increase mESC number (Figure 2F) and produce increase in cell viability (Figures 2G,H), compound B4, where phenylamino ring at R6 is replaced with 4-tetrahydropyranamino group shows increased the colony size and cell viability of mESC and hESC (Figures 2G,H). This phenotypic approach demonstrated that structural modifications such as the substitution of the phenylamine group (R6) with indoline, nitro or piperidine and replacing the N-phenyl ring with cyclic or acyclic alkyl groups as seen in class I, II and III resulted in smaller or no colonies when compared to substitution of phenylamine (R6) with hydrogen or halo and substituting R4, R5&R7 with other groups such as halo, alkyl, ester, alkoxyl or heterocycles, which resulted in a reduction of toxicity. These results identified that phenylamine (R6) and Cl (R1) groups on D1 are crucial and replacing phenylamine (R6) with tetrahydropyranylamine and acetylamine (compounds B4–B6) would lead to decreased toxicity and an increase in viability in a concentration dependent manner.


Table 2. Structurally similar compounds.
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FIGURE 2. Structure-Activity Relationship (SAR) analysis of compounds related to D1. (A) Displayed are the three classes of generic structures investigated with modified positions at R1-R7, representing a total of 39 compounds. (B) The heatmap represents the response of ESCs exposed to the 39 compounds (labeled “A1-8, B1-8, C1-8, E1-8, and F1-7”) for 4 days with regard to colony size in comparison to the effect of D1 (signified as hit) and to cells treated with DMSO as control. Each compound was tested using a log dilution series with the highest concentration of 50 μM shown at the top, and the colony size measurement was used to generate a heatmap. Representative images with matching color codes representing the heatmap are shown on the right. Compounds showing an increase in colony size significantly different to cells treated with DMSO are labeled by asterisks. (C) Representative images showing hESC colony spread of DMSO treated control and compound treatment producing increase, decrease or lethal effect. (D) Measurement of colony size of hESCs post 4-day treatment of the 39 compounds tested in mESCs. The most prominent hits are labeled. (E) Cell viability of mESCs after 4-day treatment with two different concentrations of the compounds. The red line represents the baseline control (cells treated with DMSO) and compounds producing an increase in viability are labeled. (F) The number of mESCs after 4-day treatment with two different concentrations of D1 (0.05 μM and 0.1 μM). (G,H) Cell viability measurement of mESCs (G) and hESCs (H) after 4-day exposure to Hit- D1 and B4 compounds. Labeling of SAR compounds with D series is avoided in order to prevent misunderstanding of effect produced by hit D1. mESCs, mouse embryonic stem cells; hESCs, human embryonic stem cells; Data represent mean ± std, *P < 0.05, **P < 0.01 compared to control treatment.



Evaluation of the Effects of D1 with Primary Cultures and in Vivo

To assess the effect of D1 on stem cell proliferation in vivo, we performed a phenotype-based evaluation of D1 in two contexts, i.e., its embryonic effect and in adult neural stem cell primary culture. The embryonic effect was assessed using Islet1:GFP transgenic zebrafish expressing GFP in all cranial neurons (Higashijima et al., 2000). Zebrafish embryos were exposed to D1 at the one-cell stage and the effect on cranial motor neuron development was quantified at 2 and 3 days post-fertilization (dpf). Treatment with 10 and 15 μM D1 resulted in an increase in motor neurons that was reflected by the quantification of fluorescence intensity (Figures 3A–C). In addition to GFP intensity, many embryos also showed a clear expansion of areas characterized by different cranial neuronal clusters (Figures 3A,B). Quantification of GFP in motor neuron clusters III, IV, V, VII, and X showed a concentration dependent increase in intensity (Figure 3C). Mouse neural stem cells (mNSC) primary cultures exposed to D1 generated a more spheres (Figures 3D,E) when compared to untreated controls. The neurospheres obtained from these cultures showed expression of pluripotent markers as seen with controls (Supplementary Figure 2E). These results indicate that D1 has similar effects on proliferation in vivo and in stem cell primary culture derived from lateral ventricle from adult mouse. In conclusion, our combinatorial PDD screening strategy identifies D1 that increases stem cell proliferation in vitro and in vivo. Collectively, these results reinforce the strength of the PDD based screening approach in identifying novel compounds that have higher biomedical relevance.
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FIGURE 3. Characterization of in vivo and in vitro effect of D1. (A,B) The effect of D1 on cranial neuronal clusters III-IV, V, VII, and X is shown in a dorsal view on islet1:GFP transgenic larvae after 2 days (A) and 3 days exposure (B,C) fluorescence intensity of cranial neurons from islet1:GFP transgenic Zebrafish larvae after 3 days of exposure to D1. (D) Mouse lateral ventricle isolation (shown in the representative image as a red rectangle on the transverse brain section) and cultures to obtain neurospheres. (E) Quantification of the number of spheres obtained post-culture with DMSO or D1. (F) Kinome screen showing relative change of viability in D1 treated cell when compared to DMSO post-siRNA knockdown of all kinases. (G) Western blotting image and quantification of it showing inhibition of phosphorylation of ERK2 post 5 min and 24 h of D1 treatment. H-I Cell viability measurement post 4-day treatment with ERK1/2 specific inhibitor on mESC (H) and hESC (I). mESCs, mouse embryonic stem cells; hESCs, human embryonic stem cells; mNSC, mouse neural stem cells. Data represent mean ± std, *P < 0.05, **P < 0.01, ***P < 0.001 compared to control treatment.



Mechanism of Action Studies

A siRNA based kinome screen was performed to understand the mechanism of action of D1 (Figure 3F). By employing a rational, that if a kinase is a key component of signal transduction triggered by D1, then, by reducing kinase activity to low levels, transiently, followed by D1 treatment would potentiate a pronounced effect on proliferation. The partial knockdown ensures that other cellular functions governed by the kinases are not dramatically altered and in time the kinase activity is restored. The screen clearly identified ERK2 (MAPK1) as potential component of D1 signaling (Figure 3F) with its partial knockdown producing an increase in viability in the presence of D1 (Figure 3F). Treatment of mESC with D1 for 5 min or 24 h showed a decrease in phosphorylation of ERK2 (Figure 3G). These results indicate that D1 treatment cause an immediate and continued inhibition of ERK2 phosphorylation in mESC cells. Furthermore, a 4-day pharmacological treatment with Ulixertinib, a known ERK1/2 specific inhibitor, produced increase in viability in both mESC and hESC cells similar to that seen with D1 treatment (Figures 3H,I).

DISCUSSION

One of the major drawbacks of in vitro phenotypic screening is the consistency of the observed phenotype across similar in vitro models and its translation to an in vivo setting. We overcame this by an integrative approach using mESCs and hESCs. A simple colony size based assay in combination with a zebrafish in vivo model identified a compound that promotes stem cell proliferation. The phenotype of increased colony size was accompanied by an increase of ATP corresponding to the increase in cell number which was also reflected by EdU/BrdU labeling. Therefore, the assays employed link cell proliferation to the observed phenotype. Hence, the mESC colony size phenotype based scoring approach can be used to conduct larger screens in order to identify compounds increasing proliferation of embryonic stem cells derived from human or mouse. A parallel in vivo screen using bright field and fluorescence imaging of zebrafish embryos allowed to evaluate the in vitro effect in vivo and allowed for toxicity analysis. Zebrafish screen using a transgenic islet1:GFP model has previously been used to assess the effect of compounds increasing stem cell proliferation on neurogenesis (Theofilopoulos et al., 2011). Therefore, this phenotypic screen provides a strict filter to identify hits that are reproducible in both in vitro and in vivo models. In conclusion, combinatorial in vitro and in vivo models identified D1 as a promising hit that increased stem cell proliferation. The same combinatorial approach was used to evaluate concentration specific effects on colony size, proliferation, viability, cytotoxicity and pluripotency.

The absence of G0 phase and a short G1 phase provide mESCs with an extraordinary capacity to undergo unlimited proliferation within a relatively short cell cycle time of 8–12 h (Savatier et al., 1994; Burdon et al., 2002; Orford and Scadden, 2008; Boheler, 2009). In addition, mESCs have additional mechanisms that control their proliferation in comparison with somatic cells. Examples are the modulation of proliferation via ion fluxes, the DNA damage checkpoint protein machinery (Andang et al., 2008) or via nucleolar proteins (Tsai and McKay, 2002; Kafienah et al., 2006).

Chemical biology based lead identification is often followed by the evaluation of compound structure activity relationships. Here, we performed SAR analysis using two different approaches, phenotypic and cell viability measurements. Each evaluation procedure has its own unique advantages: The phenotypic approach measures colony size as an indicator of cell growth and cytotoxicity. In addition, the phenotypic approach also allows us to take various biophysical parameters into account, such as colony shape, cell adhesion, spatial distribution and migration, which would not be accounted for if the SAR studies were done using biochemical assays. Cell viability measurements, such as those based on the determination of the amount of ATP in cell lysates or those based on measuring dehydrogenase activities, usually do not discriminate whether the data obtained reflect the influences of a compound on cell metabolism or instead on proliferation and therefore on the number of cells. Compound D1 produces large mESC colonies at low concentrations, which is well reflected by the amount of ATP determined, by cell counts and by EdU labeling. Higher concentrations of D1 produced small or no mESC colonies and displayed high cytotoxicity. Combination of both phenotypic and biochemical assay measurements allowed SAR evaluation in the context of cell proliferation. Phenotype and viability based SAR analysis identified compound B4 with a similar increase in colony size and ATP levels at a broader range of concentrations when compared to D1. This approach also demonstrated that structural modifications such as the substitution of the phenylamine group (R6) with indoline, nitro or piperidine and replacing the N-phenyl ring with cyclic or acyclic alkyl groups as seen in class I, II and III resulted in smaller or no colonies when compared to substitution of phenylamine (R6) with hydrogen or halo and substituting R4, R5, and R7 with other groups such as halo, alkyl, ester, alkoxyl or heterocycles, which resulted in a reduction of toxicity. These results identified that phenylamine (R6) and Cl (R1) groups on D1 are crucial and replacing phenylamine (R6) with tetrahydropyranylamine and acetylamine (compounds B4–B6) would lead to decreased toxicity and an increase in viability in a concentration dependent manner.

To discover the in vivo efficacy of D1, we undertook a broad phenotypic analysis using various models. This broad approach allowed the evaluation of D1 in the context of various areas of possible biomedical applications. Zebrafish embryos were used to evaluate neuro-developmental effects. Exposure to D1 did not reveal visible toxicity in zebrafish embryos. In zebrafish, islet1:GFP transgenic embryos express GFP in several cranial and spinal motor neurons (Higashijima et al., 2000). The generation of cranial motor neurons is a tightly controlled process wherein a pool of stem cells at the ventral midline gives rise to motor neurons that then migrate and form various cranial nuclei at different defined locations in the developing embryo (Zannino and Appel, 2009; Ravanelli and Appel, 2015). Post-differentiation, all cranial motor neurons express the islet1 transcription factor, and hence, islet1:GFP transgenic zebrafish has been effectively used in various chemical biology programs to study the relationship between stem cell proliferation and neurogenesis (Theofilopoulos et al., 2011, 2014). Similar to the effects seen in primary screening, zebrafish embryos exposed to D1 showed an increase in GFP expression in a concentration dependent manner. Mouse neural stem cells (mNSC) primary cultures exposed to D1 generated more neurospheres without any changes to their pluripotency. These results emphasize three important aspects. Firstly, the designed phenotypic screen demonstrates a similar effect of D1 on proliferation in vivo and in various in vitro models. The second aspect is the demonstration of the translatability of effects to various stem cells and the third aspect covers the biomedical relevance of the approach for the evaluation of a drug's efficacy with regard to a multitude of diseases.

The extracellular signal-regulated Mek/Erk kinase is required for cell cycle progression and proliferation of stem cells (Chang and Karin, 2001; Pearson et al., 2001; Shaul and Seger, 2007). Various chemically defined medium include Mek/Erk signaling inhibitors to facilitate ES cell derivation, maintenance of naive pluripotency of both human and mouse ESC (Hanna et al., 2010; Chan et al., 2013; Gafni et al., 2013; Takashima et al., 2014; Theunissen et al., 2014) and somatic cell reprogramming (Burdon et al., 1999; Yao et al., 2003; Li et al., 2008, 2009; Ying et al., 2008; Fang et al., 2014). Erk signaling is required for self-renewal and proliferation of mouse ESC (Guo et al., 2013). While complete loss of Erk signaling via genetic ablation of it reduces proliferation, induces apoptosis and genomic instability, partial inhibition via pharamacological inhibitors of Mek/Erk signaling promotes self-renewal of mESC (Chen et al., 2015). These studies indicate a dual role of Erk signaling in mESC, while a minimal level of signaling facilitates proliferation and cell cycle progression, expression of Erk over a certain threshold activates differentiation genes and suppresses pluripotency. Although treatment with D1 produced a significant inhibition of Erk2 phosphorylation immediately upon compound administration, a complete inhibition was not seen in either short or long term treatment. This could be due to a possible negative feedback regulation that results in some p-ERK activity. This limited p-ERK activity might be enough to promote self-renewal and proliferation of ESC while maintaining pluripotency. In addition, inhibition of Mek/Erk signaling or knockout of the upstream activators of Erk signaling interferes with lineage commitment and proper embryoid body generation. We see that human ESC treated with D1 can generate embryoid bodies as that seen in control conditions, indicating that although D1 promotes proliferation of ESC, it does not interfere in the normal differentiation process. Additional components of this signaling cascade and how modulation of Erk signaling by D1 is done in order to maintain pluripotency and proliferation remains to be explored.

In conclusion, by employing an integrative approach using mESCs, hESCs and zebrafish based PDD setup we have identified a small molecule promoting stem cell proliferation. This approach allows us to overcome a major drawback associated with PDD screening, i.e., consistency of the observed phenotype across similar in vitro models and its translation to an in vivo setting. Stem cells have additional mechanisms that control their proliferation in comparison to somatic cells (Andang et al., 2008; Chowdhury et al., 2010; Higuchi et al., 2011; Zoldan et al., 2011; Lam and Longaker, 2012; Dado-Rosenfeld et al., 2015). We see here that D1 might employ one or more such mechanisms producing its effect on proliferation across various in vitro and in vivo PDD models. We here demonstrate the robustness of the phenotypic based approach in identifying and characterizing a lead compound.
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Supplementary Figure 1. Phenotypic screening and cell viability assays using mESCs and hESCs and GFP expression controlled by the islet1 promoter in transgenic zebrafish. (A) Colony morphology based screening of mESCs and the different phenotype obtained, classified as control (DMSO treated and compounds similar to control), phenotype 1 (dead cells), phenotype 2 (small colonies), phenotype 3 (small and large colonies) and phenotype 4 (large colonies when compared to control). (B) Cell viability primary screening of hESCs treated with compounds producing phenotype 3 and 4 from the mESC screen. Baseline control signal is shown with a red line and compounds producing an increase in ATP are labeled with a red asterisk. All compounds are numerically labeled and the hit compound D1 is shown with an arrow mark. (C) Cell viability based re-screening of hESCs treated with the compounds identified (with asterisk) in the primary screen. A red line represents the baseline signal and the identified hit D1 is represented by an arrow. (D) Cell viability measurement of D1 treated fibroblast cells after 4-day treatment. (E) Representative images of zebrafish based screening, both brightfield and GFP photographs were obtained. Brightfield imaging identified compounds that did not produce developmental defects and compounds that caused developmental delay or toxicity. Fluorescence imaging identified compounds that produced an increase in fluorescence when compared to control. (F) Quantification of fluorescence of embryos treated with all compounds identified hit D1 as increasing fluorescence when compared to control. Abbreviations: mNSCs; mouse neural stem cells. Data represent mean ± std, *P < 0.05, **P < 0.01 compared to control treatment.

Supplementary Figure 2. Evaluating the effect of D1 on mouse and human embryonic stem cells. (A) Bright field image of colony morphology of mES cells treated with 0.05 μM D1 compared to control (DMSO). (B) Three different experiments showing the effect on the cell cycle profile of mESCs treated for 4 days with 0.05 μM D1 or DMSO. (C) Percent BrdU positive cells post-treatment with 0.05 μM D1 or DMSO for 4 days. (D) Immunostaining with pluripotency markers after treatment of hESC for 4 days with DMSO or 0.05 μM D1. (E) Immunostaining with pluripotency markers after treatment of mNSCs in primary culture for 4 days with DMSO or 0.05 μM D1. (F) Immunostaining with active cleaved caspase 3 antibody using mESCs after treatment for 4 days with DMSO or 0.05 μM D1. (G) Embryoid body generated in the presence or absence of D1. (H) Immunostaining of embryoid bodies post-treatment with DMSO or D1.

Supplementary Table 1. Plate ID and NSC number of hits identified in primary screening.
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