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In the last decade, zebrafish have accompanied the mouse as a robust animal model for cancer research. The possibility of screening small-molecule inhibitors in a large number of zebrafish embryos makes this model particularly valuable. However, the dynamic visualization of fluorescently labeled tumor cells needs to be complemented by a more sensitive, easy, and rapid mode for evaluating tumor growth in vivo to enable high-throughput screening of clinically relevant drugs. In this study we proposed and validated a pre-clinical screening model for drug discovery by utilizing bioluminescence as our readout for the determination of transplanted cancer cell growth and inhibition in zebrafish embryos. For this purpose, we used NanoLuc luciferase, which ensured rapid cancer cell growth quantification in vivo with high sensitivity and low background when compared to conventional fluorescence measurements. This allowed us large-scale evaluation of in vivo drug responses of 180 kinase inhibitors in zebrafish. Our bioluminescent screening platform could facilitate identification of new small-molecules for targeted cancer therapy as well as for drug repurposing.
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INTRODUCTION
Over the last 5 decades, there has been a significant amount of resources and efforts invested into cancer research (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011). Along with genetically engineered models, tumor cell transplantation is an additional suitable method for the assessment of cancer cell engraftment, invasiveness and treatment possibilities in vivo (McCune et al., 1988; Baeten et al., 2019; Capasso et al., 2019; Patton et al., 2021b). While the mouse is a powerful and widely used animal model, it is relatively difficult to accomplish high-throughput small molecule inhibitor screening in this model. For more than a decade, zebrafish (Danio rerio) has accompanied the mouse as another promising model animal for human tumor xenograft assays (Topczewska et al., 2006; Kirchberger et al., 2017; Cagan et al., 2019). Drug discovery connected to inhibitor screening is a field where zebrafish have a great potential (Bowman and Zon, 2010; MacRae and Peterson, 2015; Patton et al., 2021b). With the small-sized transparent embryos lacking the adaptive immune system, it is feasible to graft and track high numbers of experimental animals in a relatively short time. Further, its high evolutionary conservation of genes connected to cancerogenesis makes zebrafish a flexible animal for human disease modeling (Lam et al., 2006; Howe et al., 2013; Fazio et al., 2020).
Zebrafish embryos are naturally transparent and can engraft transplanted cancer cells until around the seventh-day post fertilization when the adaptive immune system starts to mature. This allows for simple in vivo tracking and imaging of fluorescently labeled cancer cells and the study of early tumor growth and dissemination with the involvement of the tumor microenvironment (White et al., 2013; Tang et al., 2016; Hason and Bartunek, 2019; Povoa et al., 2021). For longer-term studies, it is possible to use genetically immunocompromised animals, such as the rag2E450fs or the prkdcD3612fs mutant lines (Tang et al., 2014; Tang et al., 2016; Yan et al., 2019; Yan et al., 2020).
Small-molecule pharmacological screening in zebrafish embryos can be carried out with medium to high throughput (Colanesi et al., 2012; MacRae and Peterson, 2015; Richter et al., 2017; Patton et al., 2021b). Targeting of cancer-related pathways in zebrafish embryos assisted in the discovery of compounds such as leflunomide (White et al., 2011), Lenaldekar (Ridges et al., 2012), perphenazine (Gutierrez et al., 2014), and clotrimazole (Precazzini et al., 2020) as potential treatment options for cancer mono- and combined therapy of human leukemia and melanoma. Even though there are many established zebrafish xenograft models, up until now, there were only a few larger inhibitor screens done in zebrafish allograft or xenograft models (Tulotta et al., 2016; Wertman et al., 2016; Fior et al., 2017; Fazio et al., 2020; Almstedt et al., 2021; Somasagara et al., 2021). This is likely due to the limited options of workflow automation in transplantation studies. In the field of zebrafish transplantation studies, where mainly fluorescent cell lines are used for imaging purposes, we decided to take steps towards the utilization of a different readout mode.
NanoLuc® luciferase (NanoLuc), a small luciferase subunit derived from a deep-sea shrimp Oplophorus gracilirostris (Hall et al., 2012; Schaub et al., 2015), enabled us to easily track the number of cancer cells in vivo. Bioluminescence has been reliably used in mice as well as zebrafish for tracking cell fates in vivo (Stacer et al., 2013; Astuti et al., 2017; Manni et al., 2019; de Latouliere et al., 2021). Because of the ease of measuring luminescence in real-time in vivo, this setup is suitable for high-throughput screening. Bioluminescence-based analysis ensures higher sensitivity, less background and therefore accurate cancer cell growth quantification compared to the conventional fluorescence-based readout. Here, we established a bioluminescent small-molecule screening system which allowed us to evaluate kinase inhibitors in zebrafish transplantation models of melanoma and myeloid leukemia. We found inhibitors targeting cell proliferation, migration and survival as hits in our in vivo screen. With our work, we show that zebrafish can serve as a robust pre-clinical screening model for the discovery of new cancer therapeutics.
MATERIALS AND METHODS
Animals
Zebrafish were kept and raised in ZebTEC aquatic systems (Tecniplast) according to standard procedures (Alestrom et al., 2020) and were tracked using Zebrabase (Oltova et al., 2018). The immunodeficient prkdcfb103/fb103 zebrafish strain (Moore et al., 2016), herein referred to as prkdc−/−, was used as transplantation recipients. Wild-type (AB) or casper strains (White et al., 2008) were used as controls. Zebrafish embryos were dechorionated using pronase (Roche) at 24 h post fertilization (hpf) and were kept in E3 medium (Westerfield, 2007) up to the larval stage. Procedures for animal husbandry and experimentation were approved by the Animal Ethics Committee of the Institute of Molecular Genetics (13/2016 and 96/2018) in compliance with national and institutional guidelines.
Cell Culture and Preparation of Cancer Cells With Double Reporter System
K562 (ATCC) human erythroleukemia cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) supplemented with 1% Glutamax (Gibco), 10% fetal bovine serum (FBS, Gibco), and 1% Penicillin-Streptomycin (P-S, Gibco) at 37°C/5% CO2 and were split every 3 days at 1:10 ratio. ZMEL1 zebrafish melanoma cells were grown in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) medium supplemented with 1% Glutamax, 10% FBS, and 1% P-S and were split approximately every 4 days at a 1:4 ratio. ZMEL1 cells were kept in the incubator at 28.5°C/5% CO2.
A non-secreted version of the luciferase enzyme, NanoLuc® (NLuc, Promega), was cloned into a bicistronic lentiviral expression vector pLVX-EF1α-IRES-mCherry (Clontech) creating pLVX-EF1α-IRES-mCherry-NLuc. This vector allows the simultaneous coexpression of mCherry and NLuc.
To prepare K562-mCherry-NLuc cells, semiconfluent HEK293FT cells were first co-transfected by Lipofectamine 2000 (Invitrogen) for the production of lentiviral particles; a mixture of pLVX-EF1α-IRES-mCherry-NLuc, pVSV-G (Addgene #8454) and psPAX2 (Addgene #12260) was prepared in 3:1:2 ratio and the cells were transduced as described previously (Konirova et al., 2017). After 48 h the viral supernatant was harvested and centrifuged. Lentiviral particles were precipitated by PEG-it (System Biosciences) as described by the manufacturer and were resuspended in sterile 1xPBS and frozen in aliquots at −80°C. K562 cells were incubated with lentiviral particles for 24 h and then the medium was exchanged. Cells were single-cell sorted for mCherry + by BD Influx cell sorter into 96-well plates at 48−72 h post infection. Single clones were cultivated and used in further experiments.
ZMEL1-EGFP cells were isolated from a transgenic mitfa-BRAFV600E;mitfa-EGFP;p53−/− fish as previously described (Heilmann et al., 2015). A tumor was excised and a stable cell line was derived, which was EGFP labeled due to mitfa promoter expression. To create the ZMEL1-EGFP-NanoLuc line, a plasmid was created in which the ubb promoter (Mosimann et al., 2011) was used to drive the luciferase open reading frame, followed by an SV40 polyadenylation signal. This was cloned into a Tol2-based vector backbone that contains a blasticidin selection cassette. The plasmid was electroporated into the ZMEL1-EGFP line using the Neon electroporation system. Following a 24-h recovery for cells to attach, they were placed under blasticidin selection for 2 weeks. After 2 weeks, the cells were returned to normal media and were single-cell sorted from a mass culture for EGFP + by BD Influx cell sorter into 96-well plates. Single clones were grown to confluency in DMEM/15% FBS and were used in transplantation experiments.
Luciferase Assay, in Vitro and in Vivo
Furimazine (Promega), a substrate of NanoLuc, was used according to the manufacturer protocol in in vitro screens. Briefly, cells were seeded into 96-well solid white plates (Corning) 24 h prior the luciferase assay. Full media without phenol red was used. Prior to measurement, all plates were allowed to reach ambient temperature and the NanoGlo reagent with Furimazine (Promega) was added in 1:1 ratio to the cells. Cells were briefly shaken, incubated for 10 min, and the luminescence was measured on an EnVision plate reader (Perkin Elmer).
For luminescence measurements in vivo, 50x diluted Furimazine was used, diluted in 5% ethanol instead of the NanoGlo lysis reagent. Zebrafish embryos and larvae were measured at 1 day post injection (dpi) and 6 dpi. They were thoroughly washed in E3 medium, anesthetized by 1x Tricaine (ethyl 3-aminobenzoate methanesulfonate/MS-222, 0.16 mg/ml) and distributed into wells of a 96-well solid white plate (Corning) in approximately 50 µL of E3/1x Tricaine. Furimazine was added in a ratio 1:2 to the embryos, the plates were briefly shaken and incubated for 10 min at room temperature. Luminescence was measured on EnVision.
Transplantation of Cancer Cells Into Zebrafish Embryos
Cancer cells were washed in 1x PBS, filtered, counted and diluted to a final concentration of 60 × 106 cells/ml in 2% PVP40 (polyvinylpyrrolidone, Sigma; PVP was diluted in full DMEM). Phenol red (Sigma) was added to the mixture to better visualize the injected cells in real time.
At 2 days post fertilization (dpf) embryos were anesthetized by 1x Tricaine and laterally arranged in groups of 25–50 on a 2% agarose dish. Borosilicate glass capillaries (Harvard Apparatus, GC100FS-10) were pulled to create microinjection needles which were then opened by tweezers (≈20 µm). Cancer cell mixture was filled into the capillary and ≈100–200 cells were transplanted to the blood stream of embryos through the dorsal part of the duct of Cuvier. After transplantation, embryos were recovered and washed in E3 and incubated at 35°C/K562 or 28°C/ZMEL1 until the next morning when they were sorted according to fluorescence. All embryos with an insufficient number of transplanted cells were discarded at this point. Specifically, every embryo with zero to ≈100 engrafted cells was discarded by the same scientist to sustain consistency. Embryos, which had a significant number of cells in-correctly grafted within the yolk sac were discarded as well.
Selection of Kinase Inhibitor Set and in Vivo Inhibitor Screen
A set of 180 kinase inhibitors was selected based on data from the Probes and Drugs portal (Skuta et al., 2017). For each kinase, a maximum of 3 inhibitors was selected based on their potency, diversity and availability. Compounds labeled as chemical probes were prioritized, while compounds labeled as obsolete/historic (Arrowsmith et al., 2015) were removed from the library.
The toxicity of all inhibitors at 10 µM concentration was first tested in our setup, and then for subsequent treatment experiments and the in vitro inhibitor screen, only the non-toxic inhibitors were used. For the in vivo screen of inhibitors, zebrafish embryos transplanted with either ZMEL1 or K562 cells, were sorted according to cancer cell fluorescence. At 1 dpi the sorted embryos were washed, anesthetized, aligned into wells of white opaque 96-well plates (Corning) for luminescence measurement. Embryos were then washed in fresh E3 medium and kept in separate groups of 6 embryos in 24-well polystyrene plates (Nunc) in 1 ml of E3 water. Embryos were treated by a final 10 µM dose of each non-toxic inhibitor and 1 µM dose for a selected number of borderline toxic inhibitors. Positive controls were imatinib mesylate (10 µM) to treat K562 transplanted larvae and dabrafenib (4 µM) for ZMEL1 transplanted larvae. DMSO (0.1%) was used as a negative control. For each 96-well plate measured there was a positive and a negative control present. The experiment was terminated at 6 dpi after the final luminescence measurement, with larvae being euthanized by Tricaine overdose on ice.
In Vitro Inhibitor Dose Response and Data Evaluation
K562-mCherry-NLuc cells were washed in 1x PBS, filtered using a 40 µm strainer, counted and seeded using a reagent dispenser Tempest (Formulatrix) at the density of 2.5 × 103 cells/ml into 1536-well solid white plates (Corning). Rim wells were filled with IMDM medium to reduce edge effect. Inhibitors were then dispensed by an acoustic liquid handler Echo 525 (Beckman Coulter). Compounds were tested in 12 concentration points extending from 100 µM to 0.1 nM, in triplicates. DMSO was used as the negative control and imatinib as the positive control. Wells with medium and DMSO backfill were used to measure background luminescence. The plates with added compounds were shaken, briefly spun down and put back to the incubator for 3 days. NanoGlo reagent was dispensed by Tempest in the ratio 1:1, the cells were shaken, spun down and luminescence was measured using a PHERAstar FSX microplate reader (BMG Labtech). Signal intensity is proportional to the number of live cells in the sample. Data were collected, normalized, and processed using proprietary LIMS system ScreenX.
For ZMEL1-EGFP-NLuc the workflow was the same but for the following exceptions. Cells were seeded at a density of 2 × 105 cells/ml. All the plates with cells were then put into wet chambers and were kept in an incubator until the next day to let the cells attach. Dabrafenib was used as the positive control. NanoGlo reagent was dispensed in the ratio 1:2.5 by Tempest.
RNA-Seq Data Analysis
RNA-seq datasets for the ZMEL1 cell line were downloaded from GEO (Accession number GEO: GSE151677). The quality of reads was checked with FastQC (de Sena Brandine and Smith, 2019) and MultiQC tools (Ewels et al., 2016). Mapping to the reference Danio rerio transcriptome (Ensembl, release 104) was performed with Salmon (Patro et al., 2017). The obtained count matrix was imported in R, and analyzed with DESeq2 (Love et al., 2014). The reads were normalized using TPM and plotted into box plots using the Tidyverse R package (Wickham et al., 2019).
Datasets for the K562 cell line were downloaded from GEO (Accession number GEO: PRJNA30709 and PRJEB7858) and the data analysis was the same as for ZMEL1 with the exception that mapping was performed to the reference Homo sapiens transcriptome (Ensembl, release 104).
Fluorescence Imaging and Quantification
Fluorescent imaging was done for correlation of fluorescence to luminescence experiments at 3 dpf in both K562 and ZMEL1 transplanted embryos. Images were taken in multiple z-stacks using Zeiss AxioZoom.V16 with Axiocam 506 mono camera. The magnification was 80x. Orthogonal projections were created in ZEN Blue 2.3 software. The area of fluorescent cells in the whole embryos was calculated in Fiji (Schindelin et al., 2012).
Statistical Analysis
The acquired data were assessed for normality and analyzed further accordingly by the parametric unpaired two-tailed Student’s t-test or the nonparametric Mann-Whitney U-test and the p values for in vivo experiments were calculated using GraphPad Prism 8.0.1.
The correlation of fluorescence to luminescence signal was done in GraphPad Prism 8.0.1 by fitting the two variables into simple linear regression.
For the in vitro inhibitor dose response and to calculate IC50 values GraphPad Prism 8.0.1 was used.
RESULTS
Establishing a Bioluminescent Platform for Tumor Cell Transplantation in Zebrafish
To develop a zebrafish transplantation model with bioluminescence as a readout we prepared two cancer cell lines with the concurrent expression of fluorescent proteins and NanoLuc. NanoLuc is the brightest and the most stable luciferase available, therefore we chose it for our experiments (Hall et al., 2012). We labeled the zebrafish melanoma cancer cell line ZMEL1 with a double reporter system containing EGFP and NanoLuc (Supplementary Figure S1A). These cells were sorted by fluorescence-activated cell sorting (FACS) to obtain single clones according to the expression level of EGFP. Further, we prepared cells of the human chronic myelogenous leukemia (CML) cell line K562 in a similar way, expressing mCherry and NanoLuc (Supplementary Figure S1B). We confirmed the insertion of the reporter into the genome of cells by sequencing and tested the expression and activity of luciferase by in vitro luciferase assay. We were able to distinguish luminescence with high sensitivity, to the level of single cells (Supplementary Figures S1A,B). After confirming that our double-reporter worked in vitro, we moved to cell transplantation into zebrafish embryos. We found the Duct of Cuvier as the best site for transplantation into the bloodstream of 2 days post fertilization (dpf) casper, prkdc−/− embryos (Moore et al., 2016). Transplanted embryos were imaged at 3 dpf and distributed into 96-well plates for in vivo luminescence assay. We observed no signs of toxicity associated with Furimazine, the substrate of NanoLuc. We plotted the measured luminescence in single embryos against the relative amount of fluorescence to determine correlation of the two readouts (Figure 1A). Indeed, for both cell lines there was a positive correlation of EFGP and NanoLuc in ZMEL1 as well as of mCherry and NanoLuc in K562 (Figure 1A). Therefore, we used luminescence as our readout for measuring cancer cell growth and its inhibition in vivo in all our further experiments.
[image: Figure 1]FIGURE 1 | Transplanted cancer cells survive in vivo in zebrafish embryos and their growth can be inhibited by small molecules. (A) Correlation of fluorescence to luminescence as measured in transplanted zebrafish embryos at 1 day post-injection (dpi). Every dot is a readout from a single embryo. On the left, the correlation of EGFP to NanoLuc in ZMEL1 is shown [slope is significantly non-zero, p = 0.0001, Goodness of fit (R) = 0.4916]. On the right, the correlation of mCherry to NanoLuc in K562 is shown [slope significantly non-zero, p = 0.0251, Goodness of fit (R) = 0.1563]. (B) Growth and drug inhibition of growth of ZMEL1 cells in zebrafish embryos, 1–6 dpi. ZMEL1 cells grew significantly in vivo from 1 to 6 dpi. The growth was significantly inhibited by a BRAF inhibitor, dabrafenib. Below, there is a representative image of a 1 dpi casper, prkdc−/− zebrafish embryo transplanted with green ZMEL1-EGFP-NLuc cells, imaged in the green GFP channel. (C) Growth and drug inhibition of growth of K562 cells in zebrafish embryos, 1–6 dpi. K562 cells grew significantly in vivo from 1 to 6 dpi. The growth was significantly inhibited by imatinib. Below, there is a representative image of a 1 dpi casper, prkdc−/− zebrafish embryo transplanted with red K562-mCherry-NLuc cells, imaged in the red mCherry channel. (B,C) Statistical significance was determined by unpaired two-tailed t-test. *p < 0.05 ***p < 0.001. Luminescence measured in vivo in single embryos is represented by a single dot in dot plots. Fluorescence images were acquired on Zeiss AxioZoom.V16 with Axiocam-506 mono camera and the ZEN Blue software.
Validation of Bioluminescent Platform Using Dabrafenib and Imatinib in Vivo
Next, we initiated in vivo proof-of-concept cancer cell treatment to show the utility of our platform for small-molecule validation and inhibitor screening. We followed cancer cell growth in vivo for 5 days after transplantation and were able to accurately quantify this over time (Figures 1B,C). We kept K562 xenografted larvae at 36°C, which is a compromise temperature, where both the larvae and human cells survive and grow normally. Well-established inhibitors of cancer cell growth were used in both zebrafish ZMEL1 allografts and K562 xenografts previously (Pruvot et al., 2011; Kansler et al., 2017). We were able to inhibit ZMEL1 cell growth with the use of 4 µM dabrafenib (BRAFV600E inhibitor) in vivo (Figure 1B). To inhibit K562 cell growth in zebrafish we successfully used 10 µM imatinib mesylate, a well-established kinase inhibitor of BCR-ABL as the main target (Figure 1C). After validating the bioluminescence readout in vivo, we proceeded towards testing small-molecule inhibitors in a higher throughput mode. For this purpose, we selected a set of 180 known kinase inhibitors which are biologically active, target a broad spectrum of kinases, and some of which are used as drugs for the treatment of various cancer types (Supplementary Table S1).
Small-Molecule Screening Setup and Workflow
All inhibitors were first tested for in vivo toxicity, with 36% exhibiting toxicity at the 10 µM screening concentration. The workflow of our in vivo kinase inhibitor screening started with cancer cell transplantation into 2 dpf embryos. Embryos were sorted for correct transplantation of a sufficient amount of cancer cells in the blood vessels according to their fluorescent signal. Embryos were thoroughly washed, anesthetized and arranged one-by-one into wells of a 96-well plate at 1-day post-injection (1 dpi). We used uninjected embryos as a negative control to measure background luminescence. After the luciferase assay, the embryos were washed to remove all of the substrate and anesthetic and they were divided into groups of 6 embryos into wells of a 24-well plate. In this setup, the embryos were treated with inhibitors which proved to be non-toxic from our preselected set for 5 days (1–6 dpi). As a negative control, DMSO was used as it was the solvent of all our compounds. We used the previously validated inhibitors from our proof-of-concept experiments—imatinib for K562 and dabrafenib for ZMEL1—as positive controls. We always included a positive and negative control for every 96-well plate with transplanted embryos. The fresh medium and compounds were exchanged at 4 dpi and the experiment was terminated at 6 dpi (Figure 2).
[image: Figure 2]FIGURE 2 | Workflow of in vivo small-molecule using bioluminescence screening platform. The workflow of in vivo small-molecule screening started with cancer cell transplantation into 2 days post-fertilization (dpf) zebrafish embryos. The transplanted embryos were washed and kept in incubator overnight. At day 1 post-injection (dpi) the embryos were sorted according to fluorescence under an Olympus macroscope and were divided into wells of a 96-well solid white plate. Uninjected embryos in E3 water and E3 water without embryos were used as negative controls to determine the background level of luminescence. Luciferase assay was carried out using the Furimazine substrate by adding it into all wells equally and the luminescence was measured after 10 min of incubation on the EnVision plate reader. After the measurement, embryos were recovered, washed and randomly divided into groups of 6 animals into 24-well polystyrene plates, where they were treated by inhibitors from a library of kinase inhibitors at the final concentration of 10 µM and DMSO was used as negative control. We used dabrafenib and imatinib as positive controls. At the end of the experiment, at 6 dpi, the luminescence of whole embryos was measured again to determine the cell growth or its inhibition. The lower the final luminescence, compared to positive controls treated with DMSO, the stronger is the inhibitory effect. Finally, the compounds can be analyzed in vitro to determine dose response curves and to compare the in vitro vs. in vivo effectivity. Figure created in bioRENDER.
Further, we re-tested a small number of inhibitors, which were moderately toxic in vivo, at a reduced concentration, 1 µM. We selected 10 compounds each for both ZMEL1 and K562 cells. After the in vivo screen, we decided to test all of the non-toxic kinase inhibitors in dose response in vitro. We noticed that the efficiency of inhibitors did not always correspond to their inhibitory in vivo effect, as shown by IC50 values from the in vitro screen (Supplementary Table S1). This applied for around half of the active compounds found to inhibit ZMEL1 as well as K562 cell growth in vivo.
Melanoma Cell Growth Is Inhibited Mostly by Compounds Targeting Cell Proliferation and Cell Cycle
Targeting the members of the RAS-RAF-MEK-ERK signaling pathway has been shown to be beneficial in fighting various types of cancer (Chappell et al., 2011; Germann et al., 2017). Inhibition of BRAF and MEK are among the most successful current treatment strategies for fighting melanoma (Patton et al., 2021a). In our in vivo inhibitor screen, we found a total of 26 significantly active hit compounds (used either at 10 µM or 1 µM) which significantly inhibited the growth of melanoma cells. Most of them are known to target the members of RAS or p38 MAPK signaling pathways, for example, doramapimod, PLX-4720, cobimetinib, or SL-327 (11 compounds, Figure 3A). Further, we found inhibitors affecting cell cycle control, mainly CDKs, to be effective against melanoma as well. These inhibitors can cause either cell cycle arrest or apoptosis, for example, abemaciclib, AMG-900, or PHA-793887 (8 compounds, Figure 3B). The rest of the inhibitors which we found effective in vivo, targeted various types of receptor tyrosine kinases (RTKs, 7 compounds), for example, pazopanib, PP-121, and SB-431542 (Figure 3C). The predicted main targets for all of our active compounds are listed in a table (Figure 3D) according to the Probes and Drugs portal (Skuta et al., 2017). The expression of respective target genes in ZMEL1 was extracted from RNA-sequencing data (GEO accession number GSE151677) (Kansler et al., 2017) and was further normalized and analyzed using DeSeq2 (Supplementary Table S2) (Love et al., 2014). All of the active compounds targeted at least one moderately expressed kinase. From all targeted kinases in melanoma, the reoccurring and supposedly most relevant ones were mapk14a/b and mtor. We composed all of this information into a comprehensive table with the expression level of each predicted target gene individually visualized by color heatmap (Figure 3D). For additional and detailed information also see Supplementary Table S1. The original expression data for each of the predicted target genes is in Supplementary Table S2.
[image: Figure 3]FIGURE 3 | Kinase inhibitors active in transplanted ZMEL1 melanoma cells. (A) Inhibitors that targeted the RAS and p38 MAPK pathways and significantly inhibited melanoma cell growth in vivo. (B) Inhibitors that targeted cell cycle related proteins and significantly inhibited melanoma cell growth in vivo. (C) Inhibitors that targeted receptor tyrosine kinases (RTKs) and significantly inhibited melanoma cell growth in vivo. (A–C) Statistical significance was determined by Mann-Whitney test. *p < 0.04, **p < 0.002, ***p < 0.001. Luminescence measured in vivo in single embryos is represented by a single dot in dot plots. All experiments were done in 2–3 repeats. (D) List of all the inhibitors from A-C with their predicted main protein targets in zebrafish ZMEL1 cells. The last column with red bars on the right represents the average expression of individual target genes in zebrafish cells which was extracted from a publicly available RNA-sequencing dataset. Inhibitors with a potent new function in melanoma are labeled with a red asterisk.
Leukemic Cell Growth Is Inhibited by Targeting Cell Proliferation, Migration and Survival
Leukemia is commonly induced by a combined effect of multiple genetic alterations which can hinder the establishment of targeted therapy (Vetrie et al., 2020). Targeting the BCR-ABL1 fusion gene, growth factor receptors (GFRs) and also the RAS-RAF-MEK-ERK pathway, all belong to strategies used in the treatment of myeloid leukemias (Bhullar et al., 2018). We found 17 significantly active hit compounds (used again either at 10 µM or 1 µM) as hits in our screen looking at the inhibition of leukemia cancer cell growth in vivo. Out of these, 9 compounds, for example, NG-25, or ipatasertib, are predicted to target members of the RAS or p38 MAPK signaling pathways. We also showed the strong effect of GNF-5, a selective BCR-ABL1 inhibitor, in vivo (Figure 4A). Another 8 compounds, for example, BAY-826, AZD-7762, or DDR-IN-1 target cell migration and cell cycle-related protein kinases (Figure 4B). In a table (Figure 4C), we listed the predicted main targets for all of our hit compounds together with the target gene expression in the K562 cell line. In leukemic cells, we have found active compounds targeted at moderately to highly expressed kinases. From all targeted kinases in leukemia, the reoccurring and supposedly most relevant ones were MAPK14, DDR1 and AURKA. The latter was extracted from an RNA-seq dataset (GEO accession PRJNA30709) and further analyzed similarly as in the case of the ZMEL1 cell line (Supplementary Table S2).
[image: Figure 4]FIGURE 4 | Kinase inhibitor active in transplanted leukemia K562 cells. (A) Inhibitors that targeted the RAS and p38 MAPK pathways and significantly inhibited leukemia cell growth in vivo. (B) Inhibitors that targeted cell cycle and cell migration related proteins and significantly inhibited leukemia cell growth in vivo. (A,B) Statistical significance was determined by Mann-Whitney test. *p < 0.04, **p < 0.002, ***p < 0.001. Luminescence measured in vivo in single embryos is represented by a single dot in dot plots. All experiments were done in 2–3 repeats. (C) List of all the inhibitors from A-B with their predicted main protein targets in human K562 cells. The last column with red bars on the right represents the average expression of individual target genes in human cells which was extracted from a publicly available RNA-sequencing dataset. Inhibitors with a potent new function in leukemia are labeled with a red asterisk.
To summarize, we found multiple small molecules predicted or known to target various signaling pathways in our in vivo zebrafish screen which inhibit melanoma (Figure 5A) and CML cell growth (Figure 5B). Our results provide proof of concept that zebrafish can be utilized as a reliable model for cancer drug discovery in a medium/high-throughput setup with bioluminescence as a readout. This model would enable fast and efficient assessment of drug toxicity and efficacy in vivo and could serve as a platform for drug repurposing experiments.
[image: Figure 5]FIGURE 5 | Targeted signaling pathways as predicted from in vivo kinase inhibitor screen. For simplicity, we show the predicted human proteins in this figure without the zebrafish paralogs. Proteins, that were targeted by our kinase inhibitor set are depicted in color, non-targeted ones are white. Selected inhibitors with a potent new function are depicted in the schemes as well. Signaling pathways in (A) BRAFV600E mutant melanoma cells and in (B) cells of chronic myelogenous leukemia (CML) with BCR-ABL translocation. Figure created in bioRENDER.
DISCUSSION
Human tumor cell behavior is commonly modeled in clinically relevant settings relying on in vitro organoids or in vivo mouse xenografts. Recently, zebrafish embryos were shown to be routinely transplanted by cancer cells and further used for the evaluation of tumor growth and dissemination (Konantz et al., 2012; Kirchberger et al., 2017; Potts and Bowman, 2017; Pruitt et al., 2017). Grafted embryos and larvae could be treated by simply soaking them in chemical compounds dissolved in water. Cell proliferation is most often measured until 3–4 dpi by the quantification of fluorescently labeled cancer cells, in vivo (Corkery et al., 2011; Ghotra et al., 2012; Tulotta et al., 2016; Hason and Bartunek, 2019; Tulotta et al., 2019; Patton et al., 2021b) or ex vivo (Somasagara et al., 2021). Our screening workflow enables rapid characterization of tumor-inhibitor responsiveness within a time frame of 7 days. Luminescence can be measured multiple times during the experiment as the procedure is noninvasive and the NanoLuc substrate is not toxic for animals. The simplicity of the luciferase assay allowed us to screen hundreds of zebrafish larvae within minutes. Many chemical compounds, which are used as cancer growth inhibitors, tend to amplify the autofluorescent background in biological samples, because of their physicochemical properties, and hence might interfere with fluorescence-based measurements (Ibanez et al., 2018). Compared to fluorescence, particularly in the green to red part of the spectrum, NanoLuc-based bioluminescence can be measured with superior signal to background ratio in vivo. Further, it has been shown that there is very low autoluminescent signal in live animal tissues (Troy et al., 2004; Shi et al., 2009; Hall et al., 2012). Therefore, our NanoLuc-based approach could be utilized for medium-to high-throughput pre-clinical screening of chemical compounds targeting any cancer type transplanted into zebrafish embryos. Further, it offers a unique opportunity to rapidly validate and characterize the inhibitory effect of drugs individually or in combinations. Our zebrafish xenograft model could be a platform of choice to accelerate drug discovery and repurposing.
Our first aim was to validate bioluminescence in a zebrafish model of cancer cell growth. Bioluminescent imaging has been previously used in zebrafish to visualize hematopoietic cell proliferation, tumorigenesis or apoptosis in vivo (Astuti et al., 2017; Manni et al., 2019; de Latouliere et al., 2021; Tobia et al., 2021). The advantages of NanoLuc over either the firefly or the Renilla luciferases are: 1. Improved expression levels of NanoLuc, 2. More efficient light emission, 3. High physicochemical stability and signal half-life, and 4. New substrate analogous to coelenterazine, called Furimazine, which has lower luminescence background (Andreu et al., 2010; Hall et al., 2012). Further, our approach is advantageous compared to previous studies, because we developed a protocol for an in vivo bioluminescence-based tumor growth assay, where luminescence can be repeatedly measured at different time-points in the growing zebrafish embryos without the phototoxicity associated with prolonged use of fluorescent imaging.
Next, we showed that dabrafenib reduced melanoma growth and imatinib reduced CML growth in transplanted zebrafish larvae by measuring luminescence. Both compounds were used in earlier studies with similar results (Corkery et al., 2011; Pruvot et al., 2011; Ablain et al., 2021; Cohen et al., 2021). After we validated our experimental setup, we continued with the in vivo screen of kinase inhibitors. Additionally, we tested a small number of inhibitors that were on the borderline of toxicity, at 10 times lower final concentration. It can be difficult to set up a correct therapeutic dose for inhibitors targeting a vast number of targets, even if they belong to the same family of target proteins, as kinases. Usually, a trade-off average concentration has to be selected within the activity range of all small-molecule compounds used. This value is generally within the range of 1–15 µM in most zebrafish in vivo pharmaceutical screens (Bowman and Zon, 2010; Colanesi et al., 2012; Precazzini et al., 2020; Haney et al., 2021; Oprisoreanu et al., 2021). Therefore, we decided to use 10 µM as our selected in vivo screening concentration. Unfortunately, due to the complexity of the screening protocol, it is not always feasible to test more than one inhibitor concentration without losing throughput. Additionally, most drugs work similarly in zebrafish and humans, although the affinity of a drug for the human protein may differ from its affinity for the zebrafish protein. This might pose a problem, and as a result, different dosing might be required in mammals (Cagan et al., 2019; Fazio et al., 2020; Yan et al., 2020).
Our in vivo data suggested that the most affected cell processes, for both melanoma and CML, are MAPK signaling and cell cycle-related signaling (Figures 5A,B). The RAS-RAF-MEK-ERK signaling pathway in particular is an attractive therapeutic target in numerous cancer types (Chappell et al., 2011). In melanoma, especially BRAF and MEK-targeted therapy was proved to be beneficial (Flaherty et al., 2012; Patton et al., 2021a). Further, BRAF is mutated in approximately 50% of cutaneous melanoma cases in human patients (Ribas et al., 2019; Robert et al., 2019). In our experiments, we used the melanoma cell line ZMEL1, which carries human BRAFV600E, the most frequent mutant variant found in patients (Patton et al., 2005; Heilmann et al., 2015; Patton et al., 2021a). From this group of hit compounds, we identified TAK-715 as a promising small molecule actively inhibiting melanoma growth in vivo. This inhibitor was previously characterized as a pharmaceutical candidate for use in rheumatoid arthritis (Miwatashi et al., 2005). Cell cycle affecting inhibitors was the second most represented type of compounds reducing melanoma growth in our experiments. From all of them, GSK579289A may be a promising new inhibitor targeting polo-like kinase 1 (PLK1) (Rheault et al., 2010). PLK1 was shown to be overexpressed in melanoma (Takai et al., 2005) and its therapeutic targeting could be beneficial in various types of cancer (Gutteridge et al., 2016). Activating mutations of RTKs can lead to abnormal downstream signaling, aberrant growth and survival of malignant melanocytes. RTKs have been connected to melanoma pathogenesis and are considered potent therapeutic targets (Easty et al., 2011; Sabbah et al., 2021). In our screen, we found various RTK inhibitors efficiently inhibiting ZMEL cell growth in vivo.
Similarly, in myeloid leukemia, inhibitors targeting MAPK signaling pathways were shown previously to be beneficial as mono-as well as combination therapy options (Rocca et al., 2018; Tambe et al., 2020; Yen et al., 2020). Additionally, we demonstrated that the inhibition of proteins related to cell cycle and migration can be useful in targeting leukemic expansion in vivo. Inhibitors targeting discoidin domain receptor 1 (DDR1), BAY-826 and DDR-IN-1 are promising hits as DDR1 inhibition has potential in cancer therapy (Elkamhawy et al., 2021; Berestjuk et al., 2022). Moreover, DDR1 therapeutic targeting in vivo was not yet characterized for the treatment of myeloid leukemia.
The inhibition efficiency in vitro did not fully correspond to the inhibitory effects observed in vivo, which likely relates to pharmacokinetic and/or pharmacodynamic properties. This is an advantage of the zebrafish in vivo screen, as it provides a full picture of cancer growth inhibition as it is not fully recapitulated in vitro. Indeed, it is known that in vivo assays can detect inhibitors that act in a non-cell autonomous manner in the animal, therefore efficiently reducing tumor progression even when inactive in vitro (Sonoshita et al., 2018). In addition, polypharmacology can support the overall efficacy of a certain chemical compound by targeting not only targets in tumor cells but also cells in the tumor microenvironment (Dar et al., 2012; Cagan et al., 2019; Edwards et al., 2019).
Overall, our study demonstrates the utility of the zebrafish platform employing bioluminescence as a readout for fast and efficient drug screening. The usefulness of this model could be employed not only in drug repurposing but also in de novo drug discovery.
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