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Editorial on the Research Topic
Zebrafish Models for Human Disease Studies

Zebrafish are an attractive vertebrate model organism for biomedical discovery (Tavares and Santos Lopes, 2013). The advantages of using zebrafish are well known and include cost-effectiveness, high fecundity, short generation time, external development, transparency of embryonic stages, and ease of genome manipulation. These features have provided investigators with a vertebrate model with unprecedented potential for the live imaging of biological processes (Okuda and Hogan, 2020) and genetic and drug screenings (Shah et al., 2015; Lam and Peterson, 2019).
Zebrafish models have been used in developmental biology and embryogenesis (Briggs, 2002; Mathavan et al., 2005). They have been increasingly used to investigate human diseases in the last 2 decades due to the high degree of genetic, anatomical, and physiological similarities to humans (Dooley and Zon, 2000; Adamson et al., 2018). Over 80% of disease-causing human proteins have an orthologue in zebrafish, and the publishing of the zebrafish reference genome in 2013 accelerated disease modelling in this organism. Consequently, our understanding of disease mechanisms and the development of new medical treatments have expanded. Notably, new therapeutic targets and molecules have been identified using zebrafish, which are now being considered for human trials or are awaiting clinical applications. Nevertheless, more zebrafish models are needed to broaden our understanding of human diseases.
The current research topic in Frontiers of Cell and Developmental Biology includes 35 original and review articles from 224 authors, containing a wide range of examples on how zebrafish contribute as an animal model to our understanding of various human diseases. The collection encompasses different areas of investigation: as further detailed by the sections below.
IN-DEPTH EXPLOITATION OF ESTABLISHED ZEBRAFISH MODELS
Several authors have shed light on the contribution of established zebrafish disease models to recent and ongoing research efforts. A total of 13 review articles and 11 original articles in this research area have been accepted. Review articles provide an up-to-date overview of different zebrafish models for human diseases, including epilepsy (Chou et al.), osteoporosis (Rosa et al.), amyotrophic lateral sclerosis (ALS) (Asakawa et al.), inflammation (Xie et al.), atherosclerosis (Tang et al.), autism spectrum disorder (James et al.), heart failure (Narumanchi et al.), type 2 diabetes mellitus (Salehpour et al.), sensorineural hearing loss (Holmgren and Sheets), enteric nervous system disease (Kuil et al.), and cancer research (Miao et al.; Kobar et al.). At the time of this writing, the most viewed article titled Modeling Inflammation in Zebrafish for the Development of Anti-Inflammatory Drugs by Xie et al. summarised various inflammatory disease models proposed by zebrafish researchers and described inflammatory processes induced by wounding, exposure to chemicals, or mutations. These models were used to identify the molecular mechanisms underlying the inflammatory response and anti-inflammatory drugs. Asakawa et al. described the skeletal neuromuscular system of zebrafish larvae and introduced a recently developed optogenetic zebrafish model to study ALS. In this model, illumination can be used to control oligomerisation, phase transition, and aggregation of the ALS-associated DNA/RNA-binding protein TDP-43. In addition, zebrafish have emerged as a powerful model for heart disease studies. Abnormal cardiac structure and/or function (impaired blood flow, contractility, or relaxation) in zebrafish can be defined as heart failure. Narumanchi et al. reviewed heart failure zebrafish models established by genetic manipulation (morpholino and TALEN/CRISPR-Cas9-mediated knockdown or knockout) or drug treatment (such as aristolochic acid, isoproterenol, and streptozocin). Interestingly, zebrafish can repair and restore the cardiac function of a failing heart. Therefore, determining the molecular mechanisms underlying the regenerative ability of zebrafish will hopefully provide significant insights to advance the treatment of human heart failure in the years to come.
Among the original research articles, an interesting one titled Live Imaging of Heart Injury in Larval Zebrafish Reveals a Multi-Stage Model of Neutrophil and Macrophage Migration by Kaveh et al. has attracted considerable attention. The authors mapped the migration of immune cells (neutrophils and macrophages) from the caudal haematopoietic tissue via the blood or vasculature to the injury site using a larval zebrafish model of cardiac injury and the archetypal tail fin injury model. The finding could pave the way for future studies examining tissue injury and inflammation. In the drug discovery and safety fields, Westhoff et al. performed a large-scale screening of the kidney-specific toxicity of approved drugs using a Tg(wt1b:EGFP) zebrafish line, which could provide a unique platform for in vivo large-scale assessment of organ-specific developmental toxicity or other biomedical applications.
NOVEL HUMAN DISEASE MODELS
Two articles reported the use of novel zebrafish models for human pseudoxanthoma elasticum (PXE), and mitochondrial membrane protein-associated neurodegeneration (MPAN). PXE is a rare genetic disease resulting from the dysfunction of ATP-binding cassette subfamily C member 6 (ABCC6). Czimer et al. found that zebrafish deficient in abcc6a showed vertebral calcification defects and ectopic calcification foci in the soft tissues, thereby replicating the symptoms of human PXE. In a study titled The Downregulation of c19orf12 Negatively Affects Neuronal and Musculature Development in Zebrafish Embryos, Mignani et al. described a new zebrafish model for MPAN generated via c19orf12 knockdown using a specific ATG-blocking morpholino. The embryos exhibited morphological defects, such as unsettled brain morphology with small heads and eyes, which were consistent with the clinical features of MPAN.
NEW TECHNOLOGIES FOR DEVELOPING HUMAN DISEASE MODELS
Several studies have experimented with novel technologies for the better utilisation of zebrafish models for human diseases. Silva et al. developed an easy-to-handle dietary cholesterol-based in vivo assay that allows the screening of immunomodulatory therapeutics using the transgenic strain Tg(Lyz:NTR-mCherry)sh260 (Buchan et al., 2019). High cholesterol diet-induced acute intestinal inflammation in larval zebrafish can be monitored by this assay, which can facilitate and accelerate drug discovery efforts for human inflammatory bowel diseases.
DEVELOPMENTAL BIOLOGY
Zebrafish have traditionally been used as a developmental biology model. In this research topic, Piedade et al. reported the role of cadherin-related family member 1a (Cdhr1a; encoding a homologue of mammalian CDHR1) in early photoreceptor development in zebrafish embryos and further demonstrated that Cdhr1a is directly regulated by the ubiquitin-proteasome system via interaction with Siah1. Peña et al. investigated the deficiency of two ohnologues of the GATA-binding protein 2 (GATA2) genes (gata2a and gata2b) to define their roles in developmental haematopoiesis. It was concluded that each ohnologue may have specific roles at different stages of developmental myelopoiesis and in the emergence of haematopoietic stem and progenitor cells.
CONCLUDING REMARKS
In summary, this research topic gathered a wide spectrum of high-quality articles demonstrating the impact that zebrafish research has on our understanding of human diseases. We acknowledge all authors who contributed to this research topic, and we hope that this collection will serve to inspire the community by providing insights into the potential of using zebrafish models to study human diseases.
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Despite widespread drug exposure, for example during gestation or in prematurely born children, organ-specific developmental toxicity of most drugs is poorly understood. Developmental and functional abnormalities are a major cause of kidney diseases during childhood; however, the potential causal relationship to exposure with nephrotoxic drugs during nephrogenesis is widely unknown. To identify developmental nephrotoxic drugs in a large scale, we established and performed an automated high-content screen to score for phenotypic renal alterations in the Tg(wt1b:EGFP) zebrafish line. During early nephrogenesis, embryos were exposed to a compound library of approved drugs. After treatment, embryos were aligned within microtiter plates using 3D-printed orientation tools enabling the robust acquisition of consistent dorsal views of pronephric kidneys by automated microscopy. To qualitatively and quantitatively score and visualize phenotypes, we developed software tools for the semi-automated analysis, processing and visualization of this large image-based dataset. Using this scoring scheme, we were able to categorize compounds based on their potential developmental nephrotoxic effects. About 10% of tested drugs induced pronephric phenotypes including glomerular and tubular malformations, or overall changes in kidney morphology. Major chemical compound groups identified to cause glomerular and tubular alterations included dihydropyridine derivatives, HMG CoA reductase inhibitors, fibrates, imidazole, benzimidazole and triazole derivatives, corticosteroids, glucocorticoids, acetic acid derivatives and propionic acid derivatives. In conclusion, the presented study demonstrates the large-scale screening of kidney-specific toxicity of approved drugs in a live vertebrate embryo. The associated technology and tool-sets can be easily adapted for other organ systems providing a unique platform for in vivo large-scale assessment of organ-specific developmental toxicity or other biomedical applications. Ultimately, the presented data and associated visualization and browsing tools provide a resource for potentially nephrotoxic drugs and for further investigations.

Keywords: zebrafish, screening, kidney, pronephros, development, toxicology


INTRODUCTION

Pharmaceutical drugs and other chemicals can negatively impact organogenesis, either during pregnancy or by postnatal exposure of very preterm infants. It has been estimated that up to 10% of congenital anomalies may be caused by environmental exposures including adverse drug effects (Brent, 2004). Mostly unaware of pregnancy, 22–50% of women take medication in the first trimester (De Vigan et al., 1999). During the entire pregnancy, 65–94% of women get at least one drug prescription (Ramoz and Patel-Shori, 2014) with the use of over-the-counter medications being assumed even higher (Werler et al., 2005). However, safety data on drug-induced organ-specific developmental toxicity of chemicals registered for commercial use is scarce and often solely based on observational human studies and case reports.

Developmental toxicity testing of promising drug candidates according to current international guidelines includes a series of screening tests (e.g., OECD Prenatal Developmental Toxicity Study, Two-Generation Reproduction Toxicity Study, Reproduction/Developmental Toxicity Screening Test) that are predominantly performed in historically established mammalian models (e.g., rat, rabbit). However, these in vivo tests require large numbers of animals, thus raising ethical concerns, and are highly laborious and expensive (Piersma, 2004).

Besides classic in vitro tests lacking physiological context, in vivo high-throughput screening assays using small model organisms have been proposed, which have the potential to bridge the gap between cell-based assays and mammalian animal models (Piersma, 2004). The cost-effective and readily accessible zebrafish has been established as a main vertebrate model for human disease modeling, drug discovery and safety applications as well as toxicological studies (MacRae and Peterson, 2015; Brady et al., 2016). Small size, ex utero development, optical transparency, and rapidity of organogenesis render zebrafish embryos and larvae ideal for in vivo high-content screening applications and large-scale assessment of compound effects. The increasing usage in large-scale assays is further driven by efforts for more ethical use of animals in testing, as under current legislation zebrafish embryos and larvae comply with the 3R principles (Replacement, Reduction, and Refinement) (Russell, 1995; Ball et al., 2014; Kirk, 2018). Moreover, the zebrafish genome harbors orthologs of 70% of human genes including 86% of known drug targets, underscoring its potential to identify teratogenicity hazard (Gunnarsson et al., 2008; Howe et al., 2013). Importantly, the concordance between zebrafish and mammalian developmental toxicity has been evaluated in several studies and may be higher than 80% (Nagel, 2002; Brannen et al., 2010).

Nephrogenesis in humans continues until about 34–36 weeks of gestation with more than 60% of nephrons being formed in the last trimester of pregnancy (Mackenzie and Brenner, 1995; Rodriguez et al., 2004). Congenital anomalies of the kidney including renal hypoplasia and dysplasia, representing the most frequent etiologies for childhood chronic kidney disease, are attributed, besides genetic factors, to adverse fetal environmental factors that include exposure to developmental nephrotoxic drugs. In addition, prematurity and low birth-weight per se lead to an impaired nephrogenesis, to low nephron endowment and an increased risk of neonatal acute kidney injury and chronic kidney disease (Perico et al., 2018). Strikingly, long-term studies on the nephrotoxic action of drugs administered during active nephrogenesis are mostly lacking. Still, several acute toxic and teratogenic effects on human kidney development have been described, amongst others, for angiotensin-converting enzyme (ACE) inhibitors (Mastrobattista, 1997), angiotensin type 1 (AT1) receptor antagonists (Hinsberger et al., 2001; Boubred et al., 2006; Payen et al., 2006) and non-steroidal anti-inflammatory drugs (NSAID) (Boubred et al., 2006).

Despite being a member of the teleost family, there are high similarities at the developmental and cell- and organ-specific level between zebrafish and humans (Hinsberger et al., 2001). The pronephros of the zebrafish larva consists of two nephrons with a fused glomerulus ventrally to the dorsal aorta. While tremendous differences in nephron number between humans and zebrafish larvae exist, their homology results in a highly similar composition of single nephrons at the cellular and molecular level (Drummond, 2005; Drummond and Davidson, 2010). In addition, kidney development and function largely depend on the same orthologous genes for all vertebrate kidneys. Moreover, the drug metabolizing enzymatic repertoire and metabolic xenobiotic profiles are highly similar to those in humans (de Souza Anselmo et al., 2018). Therefore, studying the impact of compounds on zebrafish pronephros formation and function can aid in the understanding of drug-induced harmful effects on renal development in humans (Drummond, 2005).

To score developmental phenotypes of the zebrafish developing kidney in a large scale, we have previously reported the development of an automated imaging pipeline for the analysis of pronephroi in live zebrafish embryos and larvae (Westhoff et al., 2013). In a pilot screen, we could show that human developmental nephrotoxic drugs also induced morphological alterations in developing larval zebrafish pronephroi. Here, we improved this screening assay and technology, and performed a large in vivo high-content screening experiment with the aim to identify approved drugs with adverse effects on pronephros development in zebrafish. We present the results of this large-scale whole organism screen obtained by scoring multiple qualitative and quantitative morphological phenotypic parameters in live transgenic zebrafish embryos. This revealed several compound classes, with partially similar chemical properties or mode of action that negatively impact nephrogenesis in the zebrafish model system.



MATERIALS AND METHODS


Ethics Statement

The work presented does not involve work with animals according to German and European legislation. To obtain zebrafish embryos and larvae, fish were maintained in closed stocks at the Karlsruhe Institute of Technology (KIT). All zebrafish husbandry and experimental procedures were performed in accordance with the German animal protection regulations (Regierungspräsidium Karlsruhe, Germany; Tierschutzgesetz 111, Abs. 1, Nr. 1, AZ35-9185.64/BH). The facility is under the supervision of the Regierungspräsidium Karlsruhe. The Tg(wt1b:EGFP) transgenic line has been previously described (Perner et al., 2007).



Fish Keeping, Embryo Handling and Drug Exposure

Adult zebrafish of the Tg(wt1b:EGFP) transgenic line (Perner et al., 2007) were kept and maintained according to standard protocols (Westerfield, 2000). Eggs were collected from pairwise and batch crossings in cages equipped with dividers that were removed before eggs were required (Westerfield, 2000). The developmental stage of embryos was determined as previously described (Kimmel et al., 1995). Embryos were raised in fish water at 28.5°C in E3 medium. At 24 hours post fertilization (hpf), green fluorescent protein (GFP) positive embryos were collected and enzymatically dechorionated using 10 mg/mL pronase (Sigma-Aldrich, Taufkirchen, Germany) (Gehrig et al., 2009). Embryos were transferred to a beaker, washed three times with 400 mL of fish water and transferred to 12-well plates containing 2 mL of a 25 μM compound solution of the Prestwick Chemical Library® (Prestwick Chemical, D’Illkirch, France) in 0.5% DMSO in 5 mM HEPES-buffered E3 medium supplemented with 0.003% 1-pheny-2-thiourea (PTU, Alfa Aesar, Karlsruhe, Germany). PTU treatment was necessary to avoid masking of signal of fluorescently labeled pronephroi by pigmented melanocytes. The Prestwick library contains 1,280 off-patent small molecules, 95% approved drugs (FDA, EMA and other agencies), dissolved in DMSO. Following a 24 h drug exposure at 28.5°C, the solutions were removed at 48 hpf, embryos were washed and kept in E3/PTU containing 250 μg/mL tricaine. To score overall morphological phenotypes, brightfield overview images were taken using a stereo microscope after ending of compound exposure. Subsequently, larvae were transferred to agarose-filled 96-well plates for kidney imaging. Embryos treated with 0.5% DMSO served as negative controls.



Preparation of Agarose Molds in Microtiter Plates

48 hpf embryos were oriented in agarose-filled 96-well plates generated with 3D-printed orientation tools as previously described (Wittbrodt et al., 2014; Pandey et al., 2019). In brief, each well of a 96-well microtiter plate (Cat. No. 655101, Greiner, Frickenhausen, Germany) was filled with 60 μL of 1% agarose in E3 medium supplemented with 250 μg/mL tricaine (Sigma-Aldrich, Taufkirchen, Germany) using a multi-channel pipette. Cavities for dorsal orientation were generated by inserting a 3D-printed orientation tool (Wittbrodt et al., 2014). The embryos were oriented dorsally under a stereomicroscope.



Image Acquisition

96-well microtiter plates containing zebrafish embryos were automatically imaged on an ACQUIFER Imaging Machine (ACQUIFER Imaging GmbH, Heidelberg, Germany) widefield high-content screening microscope equipped with a white LED (light-emitting diode) array for brightfield imaging, a LED fluorescence excitation light source, a sCMOS (2048 × 2048 pixel) camera, a stationary plate holder in combination with moving optics and a temperature-controlled incubation lid. Pronephric areas were imaged in the brightfield and 470 nm channels using 10 z-slices (dZ = 15 μm) and a 4× NA 0.13 objective (Nikon, Düsseldorf, Germany). The focal plane to center the z-stack was detected in the 470 nm channel using a built-in software autofocus algorithm. Integration times were fixed at 30% relative LED intensity and 20 ms exposure time for the brightfield channel and 100% relative LED intensity and 100 ms exposure time for the 470 nm channel. Imaging times were approximately 12 min for a full 96-well plate.



Data Handling and Visualization

Image data was stored and processed on an ACQUIFER HIVE (ACQUIFER Imaging GmbH, Heidelberg, Germany). Raw images of fluorescence channel were processed using a custom written Perl script in combination with a Fiji macro (Supplementary Softwares S1, S2). This script and Fiji macro generated multi-layer z-stacks, XY-cropped maximum projections for each experimental embryo and thumbnail montage images for each experimental microplate readily allowing visual assessment and comparison of pronephric phenotypes as described in Westhoff et al. (2013); Pandey et al. (2019). In total, 4.2 TB of data corresponding to >15,000 embryos treated with 1,280 compounds were acquired and processed.



Scoring of Pronephric Phenotypes

To score phenotypic alterations 26 parameters were scored for each compound treatment. Extrarenal parameters included mortality, curved back/tail, mild and severe edema, heartbeat alterations, somite malformations, and yolk sac necrosis that were assigned based on manual evaluation of treated embryos on a stereo microscope prior to mounting in agarose-filled microplates. Screening datasets were evaluated using qualitative manual scoring of kidney phenotypes by assignment of up to 10 different phenotypic categories: reduced pronephros angle major (rpa_maj), reduced pronephros angle moderate (rpa_mod), reduced pronephros angle minor (rpa_min), no fluorescence (empty), glomerular malformation (glom_malform), glomerular separation major (glomsep_maj), glomerular separation moderate (glomsep_mod), glomerular separation minor (glomsep_min), impaired liver pancreas area (liver-panc_pheno) and normal kidney (normal_kidney). This assignment was carried out using a manual annotation tool (MAT) developed at ACQUIFER1. The MAT tool allows the rapid manual assignment (blind or non-blind) of user defined categories to screening datasets after user-defined image data dimensionality reduction (z-projections, auto-cropping) and visualization improvements (look-up tables, intensity scaling). In summary, each well coordinate was assigned one or multiple categories corresponding to qualitative descriptions of phenotypic alterations of the kidney. Quantitative measurements of kidney alterations were carried out for 10 morphological pronephric parameters: pronephric angle left (angleL), pronephric angle right (angleR), glomerular height left (glomHeightL), glomerular height right (glomHeightR), glomerular separation (glomSep), glomerular width left (glomWidthL), glomerular width right (glomWidthR), tubular diameter left (tubDiamL), tubular diameter right (tubDiamR) and tubular distance (tubDist). To measure these features, cropped maximum projection data of fluorescently labeled kidneys were loaded in Fiji and 16 reference points were manually set and the geometrical parameters (distances and angles) were automatically calculated using a Fiji macro (Figure 2 and Supplementary Software S1).



Data Analysis

For all data analysis steps KNIME (Mazanetz et al., 2012) was used and workflows are available in Supplementary Software S3. Result files from gross morphological scoring, qualitative manual annotation and quantitative phenotypic measurements were processed and combined with information about the Prestwick library and Anatomical Therapeutic Chemical (ATC) Classification System information. Data for the Prestwick library was received from Prestwick Chemical, d’Illkirch, France, and ATC classification data was downloaded from KEGG: Kyoto Encyclopedia of Genes and Genomes database (Kanehisa and Goto, 2000). In brief, the workflow loads the csv files containing measurement data from each of the 199 experimental folders. To remove extreme outliers caused by damaged, misaligned or severely malformed embryos, data points more than 2 standard deviations (SD) away from the mean of a specific measurement were excluded from further analysis. To minimize experimental variations, each quantitative measurement value was divided by the mean of negative controls from the same experimental day, leading to feature specific fold change values. To further facilitate cross-compound comparison, fold changes were z-score normalized. For qualitative phenotypic categories and gross morphological phenotypes, the ratio of embryos per experimental treatment assigned with a certain category was calculated. The full dataset was saved as XLS-file (Supplementary Tables S1, S2). Heat map visualizations were generated using matrix2png (Pavlidis and Noble, 2003). Principal component analysis (PCA) was used for dimensionality reduction from the 10 normalized morphological features down to three dimensions for visualization as a 3D scatter plot. Using the first 3 PCA components results in an approximation of the initial datasets representing 76% of the initial data variance. A PCA scatter plot, a parallel coordinates plot and original data table were rendered as a single interactive dashboard to enable convenient data browsing and visualization: selecting rows in the data table triggers highlighting in the parallel coordinates and scatter plot, and vice versa. The interactive dashboard is generated in KNIME (Supplementary Software S4). The dataset was also visualized as a 3D PCA scatter plot on the online tensorflow-projector platform2 (Supplementary Figure S2 and Supplementary Information), which offers additional projection methods (UMAP, T-SNE) and functions to identify the closest compounds from a selected compound.



RESULTS


Screening Assay for Developmental Nephrotoxicity

To establish a screening protocol and microscopy workflow compatible with the required handling and phenotypic scoring of thousands of compound-treated transgenic zebrafish embryos, we expanded and refined our previously published high-content screening pipeline for automated imaging of standardized dorsal views of the developing pronephros in zebrafish embryos (Figure 1; Westhoff et al., 2013). In brief, embryos of the Tg(wt1b:EGFP) transgenic line were enzymatically dechorionated at 24 hpf, and then exposed to 1,280 drugs of the Prestwick Chemical Library® at a concentration of 25 μM for a 24 h period (Figure 1A). This concentration was chosen based on pilot experiments with known nephrotoxic drugs, which aimed to identify concentration ranges causing clear renal pathological phenotypes while keeping general toxicity low (data not shown). A total of 20 embryos were exposed to each compound. At 48 hpf, brightfield overview images were taken using a stereo microscope and gross morphological alterations were evaluated (Supplementary Tables S1, S2). Subsequently, automated acquisition of stable and consistent dorsal views of pronephric kidneys (n = 7–12 larvae, depending on lethality rates) were acquired (Figure 1B). This was enabled by usage of 3D-printed orientation tools to create cavities in agarose-filled microplates that enable consistent positioning and dorsal orientation of specimen (Wittbrodt et al., 2014). To ensure capturing of entire organs and compensate for minor variations in z-positioning, each larva was imaged using z-stacks with 10 slices (Δz = 15 μm) in the brightfield and GFP channel. In total, >15,000 compound treated embryos represented in >300,000 images were acquired. The orientation tool permits organ and tissue specific screening on standard screening microscopes using a fixed field of view for all wells using lower magnification objectives, resulting in image data at sufficient resolution to score overall morphological phenotypes of the pronephros (Westhoff et al., 2013; Wittbrodt et al., 2014). To adequately visualize more delicate features, such as boundaries of glomerular cysts, software modules for automatic detection and centering the region of interests are recommended (Pandey et al., 2019). Automated data acquisition of z-stacks was followed by file handling including sorting and generation of multilayer tiff files. To enable rapid visual assessment of screening results, image data processing was carried out to generate maximum z-projection images followed by automated region of interest detection, cropping of kidney regions and generation of thumbnail overview images (Figure 1B).


[image: image]

FIGURE 1. A screening workflow to score potential nephrotoxicity of approved drugs. (A) Schematic illustration of the drug toxicity screening pipeline. Synchronized embryos were obtained by collecting eggs from batch and pairwise crossings within a maximum interval of 30 min. At 24 h post fertilization (hpf) green fluorescent protein (GFP) positive embryos were enzymatically dechorionated using pronase and 20 embryos were transferred in each well of a 12-well plate. Different compounds were added to each well to a final concentration of 25 μM. At 48 hpf, and after 24 h drug exposure, embryos were washed, transferred into agarose filled microtiter plates, oriented within cavities generated with 3D-printed orientation tools and automatically imaged. The location of embryonic kidneys within image data was automatically determined using center of mass detection after thresholding of maximum z-projections. Center of mass coordinates were used to automatically crop maximum z-projections to thumbnails images with 257 × 257 pixels dimension [see also (B)]. Thumbnail images were used for all subsequent analysis steps. (B) Representative example of montage of pronephros thumbnail images, which was generated for each experimental 96-well plate. Each row was loaded with differently treated embryos. Row A-G show compound treated embryos, row F shows embryos with severely altered pronephros morphology, and row H shows embryos treated only with DMSO serving as plate internal negative controls. Permission to reuse and Copyright: It is made available under a CC-BY-ND 4.0 International license.




Renal and Non-renal Scoring Parameters

Kidney morphology as imaged by automated fluorescence microscopy was scored quantitatively and qualitatively. Quantitative analysis was performed using a Fiji macro that automatically calculated certain tissue dimensions and parameters after manual definition of 16 reference points (Schindelin et al., 2012; Figure 2A and Supplementary Software S1). This included measurement of the following tubular structures: (i) maximum distance between the tubules, (ii) left and right angle between neck segment and proximal convoluted tubule, and (iii) left and right proximal tubular diameter. Glomerular parameters analyzed included (i) glomerular height and (ii) glomerular width as markers for glomerular malformation, and (iii) the distance between the glomeruli (Figure 2B).
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FIGURE 2. Analysis and annotation of pronephric phenotypes. (A,B) Quantitative measuring of morphological phenotypes of pronephroi. (A) Positions of 16 reference points are indicated that were manually assigned to each pronephros thumbnail image. (B) Illustration of calculated morphological parameters based on reference points in (A). Colors in (A,B) indicate which reference points in panel (A) were used for the calculation of morphological features in panel (B): (1) pronephric angle (only left side is shown – angleL), (2) tubular distance (tubDist), (3) glomerular height (only right side is shown – glomHeightR), (4) glomerular separation (glomSep), (5) glomerular width (only left side is shown – glomWidthL), and (6) tubular diameter (only right side is shown – tubDiamR). (C) Screenshot of software tool for manual annotation of large image datasets (https://doi.org/10.5281/zenodo.3367365). The manual annotation tool allows to browse, filter, auto-center, visualize and annotate complex multidimensional image datasets in an intuitive and blinded manner without any additional data pre-processing steps. In this study, the tool was used to assign up to 10 phenotypic categories to each acquired embryonic pronephros. Abbreviations: reduced pronephros angle major (rpa_maj), reduced pronephros angle minor (rpa_min), reduced pronephros angle moderate (rpa_mod), glomerular malformation (glom_malform), glomerular separation major (glomsep_maj), glomerular separation minor (glomsep_min), glomerular separation moderate (glomsep_mod), impaired liver pancreas area (liver-panc_pheno) and normal kidney (normal_kidney). Permission to reuse and Copyright: It is made available under a CC-BY-ND 4.0 International license.


The second approach to evaluate kidney morphology included the development of a software annotation tool that permitted blinded manual assessment of renal phenotypes by assigning categories or image tags to random images of a predefined selection by an expert annotator (Figure 2C). Qualitative parameters included reduced pronephric angle (major, minor, moderate) between neck segment and proximal convoluted tubule, malformed glomeruli and glomerular separation (major, minor, moderate). The Tg(wt1b:GFP) transgenic line has further been shown to visualize the exocrine pancreas, which might be attributed to enhancer elements of the 5′ neighboring gene ga17, since wt1b expression cannot be detected in these tissues (Perner et al., 2007). This additional transgene activity was used to also score absence of a pancreatic signal and hence putative pancreatic damage from fluorescence z-stack images as an indicator of extrarenal toxicity. Other potentially observed phenotypic features, such as appearance of glomerular cyst, were also noted down (Supplementary Table S1).

Prior to automated screening, overall general phenotypes were also assessed including the number/percentage of dead larvae, number/percentage of larvae with a curved back or tail, number/percentage of larvae showing either mild or severe edema, presence of yolk sac necrosis, malformed somites and heartbeat alterations (faster, slower, absent) (Supplementary Figure S1 and Supplementary Tables S1, 2).



Renal Phenotyping

The results of the quantitative measurement based on reference points were outlier filtered and normalized by pronephric measurements of associated negative controls values. This resulted in fold change ratios representing the phenotypic change for each quantitative parameter of every assayed compound. To facilitate comparative analysis, hit detection and visualization of data, these phenotypic changes were also z-score normalized. Qualitative parameters assigned using the Manual Annotation Tool (MAT) software were converted into ratios of embryos that were annotated with specific categories (Figures 3, 4 and Supplementary Tables S1, S2). To generate a comprehensive overview visualization of the dataset, the 1,280 compounds list was sorted according the D-level of the official Anatomical Therapeutic Chemical (ATC) Classification System code3 and visualized using heat maps and parallel coordinates plots (Figures 3, 4). Assignment of the Prestwick Chemical Library® compounds to this ATC-Classification generated 374 groups according to the organ or organ system they affect and their chemical, pharmacological and therapeutic properties. Of note, 207 out of 1,280 compounds could not be assigned to a specific group by use of the ATC Classification System at date of analysis, and hence are listed as N/A class (Supplementary Table S2). The ATC-code sorted heat map visualization allows identifying groups of compounds that altered pronephros morphology (Figure 3A). Interestingly, it revealed substance group-specific clusters of pathological renal phenotypes, and certain substances with chemical structure similarities (e.g., aromatic heterocyclic compounds including triazoles, imidazoles and benzimidazoles) produced comparable renal phenotypes even if drugs belonged to different ATC groups (Figure 3B).
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FIGURE 3. Overview of scored quantitative morphometric parameters and qualitative manual annotations. (A) Heat map visualizations illustrating the pronephric phenotypic alterations upon compound treatment for each assayed compound. Heat maps are sorted according to the D-level of the Anatomical Therapeutic Chemical (ATC) Classification System (for fully labeled heat maps please refer to Supplementary Figures S3, S4). The left panel shows quantitative parameters shown as color-coded z-score. Shown are z-score changes of pronephric angle left (angleL), pronephric angle right (angleR), glomerular height left (glomHeightL), glomerular height right (glomHeightR), glomerular separation (glomSep), glomerular width left (glomWidthL), glomerular width right (glomWidthR), tubular diameter left (tubDiamL), tubular diameter right (tubDiamR) and tubular distance (tubDist). See also labelling of heat map columns in panel (B). The right panel shows qualitative annotations as a ratio of embryos assigned with a certain category. Legend indicates colors assigned to values. Shown are ratios for reduced pronephros angle major (rpa_maj), reduced pronephros angle minor (rpa_min), reduced pronephros angle moderate (rpa_mod), glomerular malformation (glom_malform), glomerular separation major (glomsep_maj), glomerular separation minor (glomsep_min), glomerular separation moderate (glomsep_mod), impaired liver pancreas area (liver-panc_pheno) and normal kidney (normal_kidney). See also labeling of heat map columns in panel (B). (B) Magnified view on illustrative examples of compound classes enriched with substances causing pronephric phenotypes. Permission to reuse and Copyright: It is made available under a CC-BY-ND 4.0 International license.
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FIGURE 4. Distribution of phenotypic features upon compound treatment. Parallel coordinates plot visualizations showing the distribution of phenotypic features of pronephroi upon compound treatment. Each line plot represents a single compound treatment. In total, 1237 compound treatments are shown. The color of lines indicates the ratio of embryos within one treatment group scored as “normal_kidney” using manual annotation (from 0% (magenta, all abnormal) to 100% (green, all normal)). Y-axes show the (A) mean fold change for different quantitative morphometric parameters, or (B) ratio of embryos assigned with qualitative manual annotations. Abbreviations as in Figure 3. Permission to reuse and Copyright: It is made available under a CC-BY-ND 4.0 International license.


Qualitative results obtained by using the manual annotation tool are highly concordant with quantitative measurements (Figure 3). Thus, the qualitative assessment serves as a confirmatory dataset underscoring the robustness of obtained measurement results. Furthermore, it demonstrates the possibility to manually and rapidly tag and categorize tens of thousands of images from complex large-scale datasets using the demonstrated tool, without the necessity of advanced pre-processing and image analysis steps. The manual annotation tool is available on request from with Zenodo1, and is compatible with a wide variety of image datasets originating from different imaging modalities.

To further highlight phenotypic diversity and the average morphological response for each compound, the entire dataset was visualized using parallel coordinates plots with each line corresponding to one compound (Figure 4). This enables the intuitive detection of trends in the datasets and identification of the number of compounds that deviate from the mean phenotypic change observed in the screen, for both, quantitative morphological measurements (Figure 4A) and qualitative manual annotations (Figure 4B) in a feature specific and highly comprehensive manner.

In total, about 10% of tested compounds induced an abnormal renal development, affecting either the glomerulus, the tubules or both (Figures 3, 4). These compounds were selected by identifying prominent phenotypic patterns from quantitative and qualitative data as visualized in heat maps and parallel coordinates plots based on a manual heuristic analysis (Figures 3, 4). When D-level ATC groups with a cut-off of a minimum of 4 compounds and ≥50% drugs inducing pathological renal phenotypes are chosen, the following compound classes altered pronephric development in zebrafish larvae (Figure 5 and Supplementary Tables S1–S3): (i) dihydropyridine derivatives [e.g., nifedipine (Figure 5B), (ii) HMG CoA reductase inhibitors [e.g., atorvastatine (Figure 5C)], (iii) fibrates [e.g., fenofibrate (Figure 5D)], (iv) imidazole and triazole derivatives [e.g., sertaconazole (Figure 5E)] (v) corticosteroids, moderately potent (group II) [e.g., flumethasone (Figure 5F)], (vi) corticosteroids, potent (group III) [e.g., fluocinolone acetonide (Figure 5G)], (vii) imidazole derivatives [e.g., isoconazole (Figure 5H)], (viii) glucocorticoids (e.g., methylprednisolone [Figure 5I)], (ix) acetic acid derivatives and related substances [e.g., diclofenac (Figure 5J)], (x) propionic acid derivatives [e.g., ibuprofen (Figure 5K)], and (xi) benzimidazole derivatives [e.g., mebendazole (Figure 5L)] (see also Supplementary Tables S1–S3). In addition, several other compounds that did not fulfill above listed ATC group criteria showed notable effects on renal development, such as: proscillaridin A, amiodarone hydrochloride, suloctidil, diltiazem hydrochloride, lidoflazine, irbesartane, ciclopirox ethanolamine, isotretinoin, norgestimate, progesterone, danazol, fludrocortisone acetate, nalidixic acid sodium salt, amphotericin B, miconazole, carmofur, leflunomide, phenylbutazone, piroxicam, meloxicam, mefenamic acid, etofenamate, felbinac, diflunisal, fluspirilen, pimozide, isocarboxazid, disulfiram, nocodoazole, GBR 12909 dihydrochloride, mevastatin, cycloheximide, methiazole, clonixin lysinate, ethoxzolamide, benoxiquine, halofantrine hydrochloride, flunixin meglumine, salmeterol and several others (Supplementary Table S4). Obviously, some of the aforementioned compounds chemically belonged to either benzimidazole and imidazole derivates, HMG CoA reductase inhibitors or to non-steroidal anti-inflammatory drug (NSAID) groups and were simply not assigned to an ATC code in the utilized database.
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FIGURE 5. Examples of pronephric phenotypes. Illustrative examples of drug induced phenotypic changes for several compound classes. For each compound a thumbnail image, a heat map z-score visualization (below thumbnail) and a parallel coordinates plot of fold changes of quantitative morphological features are shown. In the parallel coordinates plots, thick lines indicate the shown compound and thin lines represent all other compound treatments; color codes as in Figures 3, 4. (A) Naphazoline hydrochloride (class, sympathomimetics); showing no effect (please see Supplementary Figure S5 for DMSO-only control), (B) nifedipine (class, dihydropyridine derivatives), (C) atorvastatine (class, HMG CoA reductase inhibitors), (D) fenofibrate (class, fibrates), (E) sertaconazole (class, imidazole and triazole derivatives), (F) flumethasone (class, corticosteroids, moderately potent (group II)), (G) fluocinolone acetonide (class, corticosteroids, potent (group III)), (H) isoconazole (class, imidazole derivatives), (I) methylprednisolone (class, glucocorticoids), (J) diclofenac (class, acetic acid derivatives and related substances), (K) ibuprofen (class, propionic acid derivatives), and (L) mebendazole (class, benzimidazole derivatives). Permission to reuse and Copyright: It is made available under a CC-BY-ND 4.0 International license.


The detailed list of results is shown in Supplementary Table S1. To facilitate the further analysis of the dataset and provide a resource for investigation also by other researchers, we have generated an interactive exploration tool that allows intuitively browsing and searching the entire dataset (Figure 6 and Supplementary Software S4). The tool consists of a scatter plot of a 3-dimensional PCA of normalized quantitative features (Figure 6A), a parallel coordinates plot of fold changes based on quantitative measurements (Figure 6B), sliders to limit the displayed data based on 3D principal component analysis (PCA) results (not shown) and the full results table (Figure 6C). All elements are interactive and allow highlighting single compounds or compound classes by selecting plot entries, moving of sliders or by searching the result table, as illustrated in Figure 6 for the class of propionic acid derivatives (ATC code D-Level M01AE). The exploration tool can be launched by simply executing the provided KNIME workflow with the provided data table (Figure 6D and see Supplementary Software S4). Ultimately, the dataset can also be visualized in the tensorflow-projector web interface4, which also offers interactive browsing functionality using a 3D scatter plot derived from dimensionality reduction of the morphological feature dataset. Additional methods for dimensionality reduction other than PCA are available, namely UMAP and T-SNE, which are not evaluated here. An advantage of the tensorflow projector interface over the KNIME exploration workflow, is the built-in nearest-neighbor search which allows to identify compounds closest to a query compound in term of morphological features profile. This functionality is illustrated in Supplementary Figure S2 with S-(+)-ibuprofen as a query compound.
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FIGURE 6. Exploring and browsing the generated zebrafish embryo nephrotoxicity dataset. Shown are screenshots of an interactive exploration tool generated using KNIME (see Supplementary Software S4). The workflow allows to visualize the full result table as well as a PCA scatter plot and a parallel coordinates line plot of the quantitative features in a single HTML window. The tool allows highlighting single compounds, compound groups or classes by selecting single lines in a parallel coordinates plot, sliders for limiting PCA range (not shown) or through searching in the data result table. Selected results are shown as colored dots in the PCA scatterplot, thicker lines in the parallel coordinates plot or as filtered rows in the results table. In this figure all panels show highlighted results for the propionic acid derivatives compound class. (A) PCA plot, (B) parallel coordinate plot, (C) result table. Color code for highlighted dots, lines or rows in panel (A–C) as in Figures 3, 4 with 0% (magenta, all abnormal) to 100% (green, all normal). (D) KNIME workflow generating the interactive tool. A video tutorial is available at https://youtu.be/A4Eqe1Aju4A. Permission to reuse and Copyright: It is made available under a CC-BY-ND 4.0 International license.




General Phenotyping

Brightfield images of zebrafish larvae were taken following drug-exposure to assess extrarenal morphological anomalies and phenotypic indicators of general toxicity. These parameters included number/percentage of dead larvae, larvae having a curved back or tail, and larvae showing either mild or severe edema. Further non-renal parameters included the presence of yolk sac necrosis, malformed somites, and heartbeat alterations (faster, slower, absent heartbeat). In addition, from fluorescence images, absence of a pancreatic signal was recorded (Supplementary Table S1). For instance, imidazoles, triazole derivatives and benzimidazole derivatives provoked high degrees of upward-curved tails in larval zebrafish. Especially in imidazole and triazole derivatives, this was accompanied by mild pericardial edema. Dihydropyridine derivatives (selective calcium channel blockers) and HMG CoA reductase inhibitors mainly provoked pericardial edema. Of note, there was no strong correlation between the development of pericardial edema and the presence of renal alterations (Supplementary Figure S1).



DISCUSSION

Drug safety is of utmost importance, especially in pregnancy and in very premature neonates with ongoing organogenesis. Toxic exposure may potentially result in impaired development with life-long consequences. However, knowledge on drug-induced developmental toxicology is very limited for a multitude of approved drugs, and safety information in human is often largely based on observational data. For new drugs, mandatory embryo-fetal developmental and reproductive toxicity (DART) studies for safety assessment are generally restricted to rat and rabbits (Ishihara-Hattori and Barrow, 2016). Large numbers of animals are required for these studies; thus, they are complex, cost-intensive, and time-consuming. Hence, there is an unmet need for large-scale in vivo developmental toxicity drug screening investigations in appropriate animal models. In the context of the three R’s, current legislation promotes the use of alternative animal models including zebrafish embryos.

In this study, we therefore expanded on our previously published protocol for automated acquisition of bilateral symmetric organs in zebrafish embryos and robustly scored the morphological alterations of the pronephros in a large-scale zebrafish chemical screen (Westhoff et al., 2013; Pandey et al., 2019). Consistent dorsal positioning of embryos was achieved through utilization of 3D-printed orientation tools (Wittbrodt et al., 2014), and microplates containing arrayed embryos. Samples were captured using an automated widefield screening microscope equipped with stationary sample holder and moving optics to avoid any change of orientation of specimen during automated image acquisition (Pandey et al., 2019). Using this pipeline, we were able to efficiently capture consistent dorsal views of embryonic kidneys of more than 15,000 embryos treated with a library of 1,280 off-patent (>95% approved) drugs within 8 months, with on average one imaging day per week. Imaging itself takes only about 12 min per 96-well plate. Limitations restricting higher throughput are labor-intensive manual embryo generation, handling and drug treatment procedures. While advanced automated drug screening technologies exist, full robotic automation of compound or plate handling is often economically unjustified in zebrafish screening routines. Manual orientation within agarose filled microplates takes 15–20 min per 96 embryos causing a significant workload; however, one plate can be prepared while another plate is automatically imaged, so this has not significantly impaired overall throughput. Nevertheless, technical solutions for fully automated orientation and imaging of zebrafish embryos exist, but seem to lack the throughput required to image several hundred embryos within a few hours (Early et al., 2018).

Using automated image pre-processing and semi-automated analysis tools, this highly standardized image datasets (Figure 1B) allowed the qualitative categorization of renal phenotypes and the quantitative morphological analysis based on simple geometric measurements. This led to a numerical fingerprint (Figures 3-5) for each tested substance enabling the scoring of slight and gross morphological alterations of the developing pronephros upon drug treatment. Each embryo data were analyzed by a single expert operator using the above tools, causing a major analysis workload but also generating a fully annotated and highly gauged high-content screening dataset. Undoubtedly, it would be highly beneficial to develop automated image analysis solutions that allow morphological differentiation of pronephric phenotypes. However, developing algorithms for automated and robust scoring of complex phenotypes in biologically heterogeneous whole-organism screening datasets is a highly challenging task. We are currently exploring the usage of machine- and deep-learning methodologies taking advantage of this work as a benchmark and validation dataset. We expect that this will lead to image processing tools and algorithms for fully automated analysis and quantitative phenotypic scoring.

Results from our screen revealed a set of compound classes that provoked renal developmental toxicity. Major substance classes inducing severe pronephric malformations included dihydropyridine derivatives (calcium channel blockers), HMG CoA reductase inhibitors, fibrates, imidazole and triazole derivatives (e.g., antifungals for topical use), moderately potent and potent corticosteroids, glucocorticoids, acetic acid derivatives and related substances, propionic acid derivatives, and benzimidazole derivatives (i.e., antinematodal agents) (Supplementary Table S3). Single compounds that in the utilized version of the ATC code are not assigned to a D-level also revealed notable detrimental effects on renal development were also identified (Supplementary Table S4). A large fraction of the drugs identified in our screen recapitulate human observational or experimental data including not only renal but overall developmental toxicity, embryotoxicity, fetotoxicity, and/or teratogenicity.

Several compounds from the dihydropyridine derivatives class, one out of three chemical groups of calcium channel blockers, revealed renal developmental toxicity in zebrafish. For example, the most prescribed calcium channel blocker nifedipine caused strong tubular and glomerular malformations (Figure 1C). Although not licensed, nifedipine is regularly used in clinical practice for the tocolytic management of preterm labor and for pregnancy-induced hypertensive disorders. To our knowledge, so far there is no detailed published data on renal developmental toxicity for dihydropyridine derivatives. However, there is mixed observational human data on in utero exposure to calcium channel blockers and increased perinatal mortality, increased odds of preterm birth and perinatal mortality, and evidence of increased malformations, including hypospadias (Fitton et al., 2017).

HMG CoA reductase inhibitors showed strong detrimental effects on pronephros development. They are not recommended in early pregnancy. While cholesterol is known to be essential for fetal development, a systematic review showed no clear relationship with statin use and congenital anomalies in pregnancy (Karalis et al., 2016); however, data was inconclusive.

Fibrates prominently displayed morphological pronephros alterations. In humans, they are known to cross the human blood–placenta barrier (Tsai et al., 2004). Animal reproduction studies demonstrated adverse effects on the fetus, however, no teratogenicity was noted in several case reports of fibrate use after the first trimester (Wong et al., 2015). While fibrate-associated nephrotoxicity has been described in adults, to our knowledge there is no data on fetal developmental nephrotoxicity (Attridge et al., 2013).

Corticoid drugs, widely prescribed e.g., to very preterm neonates, showed very subtle but consistent phenotypes in our screen. Excessive glucocorticoid signaling is detrimental for fetal development; slowing fetal and placental growth and programming the individual for disease later in adult life (Busada and Cidlowski, 2017). In addition, first-trimester corticosteroid exposure, including dermatologic steroids, slightly increases the risk of orofacial clefts (Xiao et al., 2017). Interestingly, a nephron deficit following elevated maternal glucocorticoid exposure and leading to hypertension in adult animals was observed in fetal rats and sheep (Ortiz et al., 2003; Singh et al., 2007; Moritz et al., 2011).

Azoles were especially noticeable in our screen. They are known to produce reproductive and developmental toxicity in both human and animals. Azole fungicides, classified into triazoles and imidazoles, inhibit key enzymes in steroidogenesis that, among others, provoke embryotoxicity and teratogenic malformations (Zarn et al., 2003). In rats, antifungal azoles were teratogenic producing fetal defects such as cleft palate and hydronephrosis/hydroureter (Pursley et al., 1996). Various benzimidazole antihelmintics, including mebendazole, albendazole and flubendazole have, to different degrees though, been associated with embryofetal developmental toxicity in vivo in different animals including zebrafish, and in vitro (Dayan, 2003; Carlsson et al., 2011; Longo et al., 2013; Sasagawa et al., 2016). Information on renal developmental toxicity, however, is scarce.

Most NSAIDs assayed in our screen caused severe renal malformations in zebrafish embryo. NSAIDs are often taken in pregnancy for acute pain or chronic conditions such as rheumatologic disorders, but are also administered to preterm neonates for closure of a patent ductus arteriosus. Early NSAID exposure has been reported to increase spontaneous abortion rate and possibly cause congenital malformations (Nielsen et al., 2001). NSAID-induced renal effects can in rare instances be severe, particularly after 32 weeks’ gestation, with potential for neonatal renal failure (Morgan et al., 2014). However, the magnitude of risk in various clinical scenarios remains unclear and may vary with the dose, duration, timing of therapy, and maternal indication for use. Of note, in zebrafish pronephroi, it has been demonstrated that prostaglandin signaling, i.e., PGE2 signaling, regulates nephron formation including proximal and distal segment formation during nephrogenesis (Chambers and Wingert, 2019).

From the list of not ATC D-level assigned drugs that provoked developmental nephrotoxicity in our screen, several have been associated with developmental and/or adult nephrotoxicity in previous investigations, in particular amphotericin B (Hanna et al., 2016), phenylbutazone (Brix, 2002) and piroxicam and meloxicam (Boubred et al., 2006). Of note, several drugs (e.g., diltiazem hydrochloride, lidoflazine, etofenamate, felbinac, mevastatin, methiazole, flunixin meglumine) could also be assigned to ATC D-level groups that were previously shown to induce renal abnormalities in our screening investigation. Irbesartane is a member of angiotensin II receptor type 1 (AT1-R) antagonists. For this group of drugs as well as for ACE inhibitors, experimental data and human observations argue for developmental nephrotoxicity (Boubred et al., 2006). In our screening experiment, however, in contrast to other relevant groups only minor alterations of renal development were observed. The reason for this will be speculated on in the following paragraph.

There are several limitations to our study. First, considering the workload of this project, we had to choose one single drug concentration for all compounds. In fact, concentration series for drug classes with only minor effects (such as ACE inhibitors and AT1-R antagonists) might unravel stronger toxic effects using different concentrations. As such, we have previously shown that captopril and losartan provoked developmental nephrotoxicity with increasing concentration (Westhoff et al., 2013). Hence, detailed secondary analyses of the groups identified in our screen are currently being carried out in our laboratory. Moreover, we have established functional assays to further characterize the impact of drugs on the developing pronephros (Steenbergen et al., 2020). Second, the zebrafish embryos were drug-exposed via the fish water. The transdermal uptake of compounds into the zebrafish can vary depending on the chemical properties of the specific drug. This has already been shown e.g., for gentamicin, a member of aminoglycoside antibiotics, that demands very high concentrations when applied via fish water exposure in contrast to microinjection (Hentschel et al., 2005; Westhoff et al., 2013; Gorgulho et al., 2018). In this study, we used PTU treatment to suppress pigmentation, which enabled the imaging of fluorescently labelled pronephroi. Besides tyrosinase, PTU is known to also interfere with thyroid pathways (Elsalini and Rohr, 2003; Li et al., 2012). To our knowledge, nephrotoxicity of PTU has not been reported; however, there is evidence that PTU treatment alters the chemical toxicity of mercury compounds in zebrafish (MacDonald et al., 2015). While toxicity testing in transgenic pigmentation mutants with fluorescently labeled kidneys may also raise concerns, this could offer an approach to cross-validate observed negative drug effects on the developing kidney (White et al., 2008). Additionally, while there are substantial structural and physiological similarities between nephrons of the zebrafish pronephros and the mammalian metanephros, the timing of nephron differentiation and kidney development as well as associated spatio-temporal gene-expression patterns differ between the zebrafish and other vertebrates (Gerlach and Wingert, 2013). This must be taken into account when considering the very short time period for pronephros development in zebrafish and the proportionally long time period of drug exposure in our study.



CONCLUSION

In conclusion, the results of our developmental nephrotoxicity screen reconfirm previous data from animal experiments and human observational data regarding a variety of drugs, but also put additional substance classes into focus. Thus, our data contributes to the knowledge on approved drugs with organo-toxic side-effects during vertebrate organogenesis that was previously unavailable. In combination with the generated data exploration tool (Figure 6), the data provides a compelling resource with high information content to other bio-medical researchers for further exploration or as a starting point of follow-up studies. Moreover, it might serve as a catalog for health professional to identify substances of potential concern when used by pregnant women or in preterms. This, in the end, might have an impact on the prescription of drugs during pregnancy and on the drug-exposition of very preterm neonates. Since several renal congenital anomalies, i.e., renal hypoplasia and dysplasia, are at least partially assigned to unfavorable fetal environmental exposures including nephrotoxic chemical compounds, the identified drugs of our screen require further investigation in the future. Ultimately, the demonstrated workflow and associated tools are not restricted to the analysis of the embryonic kidney and can be readily adapted to conduct other organ- or tissue-specific large-scale chemical screening experiments in the zebrafish embryo model.
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Zebrafish are a powerful tool for investigating epilepsy. Mammalian seizures can be recapitulated molecularly, behaviorally, and electrophysiologically, using a fraction of the resources required for experiments in mammals. Larval zebrafish offer exceptionally economical and high-throughput approaches and are amenable to state-of-the-art genetic engineering techniques, providing valuable transgenic models of human diseases. For these reasons, larvae tend to be chosen for studying epilepsy, but the value of adult zebrafish may be underappreciated. Zebrafish exhibit transient larval – adult duality. The incompletely developed neural system of larval zebrafish may limit the translation of complex neurological disorders. Larval zebrafish go through dynamic changes during ontogenesis, whereas adult zebrafish are physiologically more stable. Adult zebrafish have a full range of complex brain structures and functions, such as an endothelial blood-brain barrier and adult neurogenesis, both are significant factors in epilepsy research. This review highlights the differences between larval and adult zebrafish that should be considered in pathophysiological and pharmacological studies of epilepsy.
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INTRODUCTION

Epilepsy is a common neurological disorder, affecting over 70 million people worldwide (Thijs et al., 2019). An imbalance of excitatory and inhibitory processes causes unprovoked seizures and other behavioral changes despite optimal treatment (McCormick and Contreras, 2001). In addition to seizures, people with epilepsy frequently experience cognitive and psychological impairment, pervasive social stigma, and early death (McCormick and Contreras, 2001; Thijs et al., 2019).

There are three primary treatment modalities for epilepsy: anti-seizure drugs (ASDs), resective or palliative surgeries, and neurostimulation. The first-line approach is ASDs. However, this treatment is only effective in treating seizures and not the underlying epileptic disorder. Moreover, ASDs often cause adverse effects, and a third of people with epilepsy develop drug resistance (Thijs et al., 2019). Surgical removal or disconnection of an epileptic brain region can be more effective for drug-resistant focal epilepsy, but only a small number of patients are eligible for surgery (Ryvlin et al., 2014). For those who are ineligible, neuromodulation is increasingly used, but rarely results in seizure-free status (Kwon et al., 2018). Therefore, despite this field’s long history, innovative approaches to prevent or disrupt epileptogenesis are still needed. For this purpose, a good experimental model is essential.

The ideal animal model of epilepsy should reflect the processes underlying the disorder in humans including electrophysiological, neuroanatomical, biochemical, and genetic factors. Rodents are often the default experimental models for epilepsy as they are for many other conditions, but it must be kept in mind that all animal models are comparative. The model chosen must be the most appropriate for addressing a particular research question, and the strengths and limitations of epilepsy models lie in how they recapitulate human epilepsy (Grone and Baraban, 2015). Models in animals other than rodents are becoming increasingly important as they possess complementary advantages to studying epileptogenesis and evaluating treatments.

Zebrafish first started to receive attention as a valid animal for studying epilepsy in 2005, when it was demonstrated that they could express chemically induced seizure phenotypes that would be expected from rodents (Baraban et al., 2005). Since then, the zebrafish has established its role as a desirable alternative to rodents. Zebrafish are vertebrates with a fully sequenced genome and significant genetic homology with humans: 84% of human disease-associated genes are expressed in zebrafish (Howe et al., 2013). The zebrafish brain is also remarkably similar to rodents in terms of macro-organization and cellular morphology (Kalueff et al., 2014). Furthermore, the overall time and cost of studies using zebrafish are lower, the animals are well suited to high-throughput screening, and they have a lifespan of 5 years, at least 50% longer than that of commonly used mouse strains (Gerhard and Cheng, 2002). Maintenance costs of zebrafish are 1000 times less than the cost of rodents in similar studies (Ahmed et al., 2014), and drug screens are estimated to be 500 times cheaper than similar rodent assays (Steenbergen et al., 2011).

Zebrafish are considered adults from 90 days post-fertilization (dpf), and are sexually active until death. They breed year-round, and a single female can lay hundreds of eggs a week. Zebrafish embryos grow externally, and the larvae are highly transparent until 2–3 weeks of development, allowing exceptionally detailed visualization of their embryogenesis and central nervous system. Due to the easy optical access, the larvae are particularly well suited to the application of calcium imaging and optogenetic approaches in epilepsy studies (Turrini et al., 2017; Diaz Verdugo et al., 2019). Moreover, embryonic zebrafish are amenable to traditional and modern genome engineering approaches in an easier, cheaper, and faster manner, such as those using morpholinos, RNA interference, synthetic capped mRNA injection, expression plasmid injection, zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPR) (Koster and Sassen, 2015). The availability of a state-of-the-art genome engineering toolbox in zebrafish larvae has enabled the study of genetic aspects of epilepsy in a high–throughput manner and has been exploited for personalized drug discovery, by offering epileptic mutation models such as Batten disease (Wager et al., 2016), and Dravet syndrome (Baraban et al., 2013).

Zebrafish do not require feeding until 4-dpf, and they absorb drug compounds directly from their bathing medium. Larvae can, therefore, be kept in multi-well plates, and their behavioral symptoms can be monitored by video-tracking devices. Automated pipetting, sorting, drug delivery, and medium changes have been employed in multi-well setups, aiding high–throughput screening. For these reasons, young larvae (younger than 7-dpf; Table 1) tend to be chosen for zebrafish studies, but the benefits of adult zebrafish are often underestimated. Larval studies often rely on genetic epilepsy models and usually lead to early death. For example, cln3 mutants only live up to 6-dpf (Wager et al., 2016) and scn1lab mutants can survive up to 13-dpf (Eimon et al., 2018), therefore findings from these models are focused on a very small time window in the zebrafish life span. In addition, the incompletely developed neural system in larvae may limit the investigable aspects of epilepsy. While larval zebrafish exhibit dynamic changes through their ontogenesis, adult zebrafish are physiologically more stable. Adult zebrafish have a full range of complex brain functions with higher behavior and integrated neural functions including memory, conditioned responses, and social behaviors (Santana et al., 2012). Such differences between larvae and adults can lead to differences in drug screening results (Table 2). In this review, we highlight factors to consider when selecting zebrafish of an appropriate age for epilepsy studies.


TABLE 1. Examples of epilepsy studies using zebrafish (2016–2020).
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TABLE 2. Antiepileptic drugs that have been tested in zebrafish.
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MORPHOLOGICAL CHANGES FROM LARVA TO ADULT

In a typical laboratory setting, zebrafish go through up to 6 weeks of larval development. During this stage, they grow more than three times in length and exhibit morphological changes, such as muscle structure development, fin transformation, and adult pigment patternings (Thorsen and Hale, 2005). Juvenile zebrafish (<90-dpf) lose the larval fin fold and acquire scales (Singleman and Holtzman, 2014), and endoskeletal elements are formed and connected to the cranial area (Thorsen and Hale, 2005). Just like other teleosts, zebrafish undergo remodeling of organs, the sensory system, and the central and peripheral nervous systems during maturation (McMenamin and Parichy, 2013). Juvenile zebrafish are also emerging in the field of neuroscience as valid models in learning (Valente et al., 2012) and social behaviors (Dreosti et al., 2015). Also, the availability of techniques to image brain activity in juvenile zebrafish (Jetti et al., 2014) could make them a useful model organism to study epilepsy. While there is a scarcity of seizure studies in zebrafish at this age, a genetic model of juvenile myoclonic epilepsy has demonstrated convulsive seizures upon light exposure in juvenile zebrafish (Samarut et al., 2018).

Zebrafish are considered adults after acquiring all their adult organs and becoming sexually mature, which typically happens after 90-dpf (Singleman and Holtzman, 2014). Stable physiology in adulthood is particularly advantageous in longer-term studies. It allows the evaluation of long-term therapeutic effects, and the generation of chronic seizure states. Until recently, the generation of a chronic epilepsy-like condition outside of genetic manipulation in zebrafish had been unachieved. Recurrent administration of pilocarpine (Paudel et al., 2020) or pentylenetetrazole (PTZ) (Duy et al., 2017) does not induce recurrent spontaneous seizures. However, we recently modeled post-traumatic epilepsy (Cho et al., 2020b), which is the first adult zebrafish model that exhibits spontaneous seizures. This model also demonstrates disruption of the blood-brain barrier, increased markers of inflammation, and alterations in tau phosphorylation mTOR signaling, mechanisms relevant to epileptogenesis that cannot be as easily studied in larvae.



SEX DIFFERENCES IN ZEBRAFISH

Although the role of sex in epilepsy is not clear, it is a critical biological variable that should always be considered in both clinical and preclinical settings. Sex hormones are known to play a role in seizure susceptibility and the development of epilepsy in both rodents and humans (Mejías-Aponte et al., 2002). Sex differences not only influence epilepsy itself, but also affect the metabolism of ASDs (Scharfman and MacLusky, 2014).

Visual sex identification of zebrafish is only possible in adulthood. There are sex differences in zebrafish gene expression, including neural genes that are similar to those in humans and rodents (Wong et al., 2014). Other sex differences in the brain include a higher rate of cell proliferation in the cerebellum of male zebrafish (Ampatzis and Dermon, 2007), and higher hypothalamic and cerebellar metabolic activities in females (Ampatzis and Dermon, 2016). An increasing number of neuropsychological zebrafish studies have identified sex differences in aggression, social preferences, anxiety, and learning/memory, including differences in behavioral changes after cocaine exposure (López Patiño et al., 2008). However, sex differences are routinely ignored in zebrafish epilepsy studies – even those using adults. To date, only a few studies examined sex differences (and found none) in behavioral and electrophysiological seizure development using PTZ in zebrafish (Braida et al., 2012; Cho et al., 2017). The lack of interest in sex differences may lead to an incomplete understanding of disease processes and treatment responses. The use of adult zebrafish may provide a valuable contribution to understanding the influence of sex in epilepsy and its treatments, something that cannot be easily done in larval zebrafish studies.



THE BLOOD-BRAIN BARRIER (BBB) AND EPILEPSY

The BBB is a physical and metabolic interface that regulates and protects the brain’s microenvironment by limiting the penetration of external substances into the brain (Oby and Janigro, 2006). The mammalian BBB is mainly formed from endothelial cells associating with pericytes and astrocytes and functions as a permeability barrier (Jeong et al., 2008). BBB disruption is associated with various neurological diseases, including the cause, effect, and treatment of seizures (Oby and Janigro, 2006). BBB disruption may lead to epileptic seizures and, conversely, acute seizures can cause breakdown of the BBB with subsequent development of epilepsy. The level of BBB permeability positively correlates to seizure frequency in a temporal lobe epilepsy model (Van Vliet et al., 2007) and artificial opening of the BBB can generate epileptogenic foci (Seiffert et al., 2004; Van Vliet et al., 2007) supporting the BBB as a possible target to prevent epileptogenesis. The presence of the BBB is also a bottleneck in the development of epilepsy medications, as the tight barrier can cause significant problems in delivering ASDs to the brain. A better understanding of the role of the BBB is imperative in epilepsy research.

The functional and structural complexity of the zebrafish BBB is similar to that of higher vertebrates. It starts to form at 3-dpf, when expression of zonula occludens-1 (ZO-1) [tight junction protein-1 (TJP-1)] and claudin-5 is observed, and is fully formed and functional at 14-dpf (Jeong et al., 2008; Fleming et al., 2013). The function of the BBB also matures with its structural development. Immature BBB structures are more permeable than adult structures, with sulf-NHS-biotin (443-Da) and Evans blue (961-Da) traversing the BBB at 3-dpf (Jeong et al., 2008; Fleming et al., 2013), and sodium fluorescein (376-Da) traversing it at 8-dpf (Fleming et al., 2013). Adult zebrafish possess an endothelial cell-based BBB that is functionally and molecularly comparable to that in mammals and contains tight junctions between overlapping brain endothelial cells (Jeong et al., 2008), astrocytes and the basal lamina (Brian et al., 2011). Tight junctions are the key structures of BBB, responsible for size-dependent exclusion of molecules (Wolburg et al., 2009). As the ultrastructure and function of the zebrafish BBB matures during development, it should not be assumed that a similar role of the BBB in epileptogenesis and the therapeutic effects of drugs would be observed in embryonic and adult zebrafish.



ADULT NEUROGENESIS

Neurogenesis is a phenomenon that generates new mature, functional neurons in the brain. The role of seizure-induced neurogenesis in epileptogenesis remains unclear, but new insights have been gained in cellular remodeling after seizure events. We know from rodent models that acute seizures elevate adult neurogenesis in the subgranular zone (SGZ) and the subventricular zone (SVZ) (Parent et al., 1997, 2002; Marta et al., 2011). Most rodent epilepsy models show dramatically altered neurogenesis with two significant features: formation of hilar basal dendrites and ectopic migration of newborn neurons (Jessberger and Parent, 2015). Seizure-induced neurogenesis and the resulting aberrant neuronal connections are recognized to promote the process of epileptogenesis (Duy et al., 2017; Neuberger et al., 2017). Suppression of neurogenesis also reduces epileptogenesis; for example, continuous cytosine-b-D-arabinofuranoside infusion reduced seizure frequency in adult rats with pilocarpine-induced status epilepticus (Jung et al., 2004), and injection of a vascular-endothelial-growth-factor-receptor-2 antagonist lowered seizure susceptibility after fluid percussion injury in rats (Neuberger et al., 2017). However, it is still unclear how the newly generated cells might also play a role in brain repair after seizures.

Larval zebrafish exhibit primary and secondary phases of neurogenesis. The primary phase, in which a few neurons are generated to coordinate a simple network and locomotor behavior, occurs until around 16 h after fertilization. After 2–3 dpf, secondary neurogenesis starts to occur to structure a brain with a more complex hierarchy (Tropepe and Sive, 2003). Unlike mammals, where adult neurogenesis predominantly occurs in the SVZ and SGZ (Rotheneichner et al., 2013), zebrafish exhibit intense adult neurogenesis in all regions of the brain, generating 6000 new cells every 30 min on average (Schmidt et al., 2013). Neurogenesis in larval and adult zebrafish also differs in its molecular forms, as adult zebrafish express different transcriptional codes for neural precursors than larvae (Adolf et al., 2006). While seizure-induced neurogenesis has not been well studied in the zebrafish, PTZ-induced seizures in adult zebrafish increased cellular proliferation and neurogenesis in the ventricular zone of the lateral part of the dorsal telencephalon, similar to the response seen in the adult mammalian brain (Duy et al., 2017). Brain injury in adult zebrafish also stimulates newborn neuron proliferation and migration toward the injured site (Kroehne et al., 2011; Kishimoto et al., 2012; Skaggs et al., 2014). These neurogenesis capabilities raise the possibility that the adult zebrafish brain may go through similar cellular remodeling following seizures as previously demonstrated in mammalian models, although this warrants further research. While there are no reported studies on seizure-induced neurogenesis in larval zebrafish, the findings from Duy et al. (2017) suggest that despite the fact that basal adult zebrafish neurogenesis is quite different from mammals, the seizure-induced changes may in fact be more similar than one might expect, and could and help inform about the role of neurogenesis in mammalian epileptogenesis.



DRUG UPTAKE IN ZEBRAFISH

Larval and adult zebrafish can absorb drugs through the skin, gills, and gut. The tank water method is commonly used for drug delivery in zebrafish, allowing researchers to easily control drug concentrations in the tank water and expose hundreds of zebrafish to the drug at the same time. The mature BBB in adult zebrafish leads to the uptake of tank water-delivered drugs into the brain in a pattern consistent with that seen after systemic drug administration in mammals. For example, drugs that penetrate the BBB in mammals, such as scopolamine, diphenhydramine, and haloperidol, show a high absorption rate in the zebrafish brain. On the other hand, scopolamine N-butyl bromide and desloratadine, which do not cross the mammalian BBB, are also excluded from the zebrafish brain after tank water administration (Fleming et al., 2013). It is also an efficient method of assessing the efficacy of ASD polytherapy as multiple drugs can be easily administered at the same time.

In order for the tank water method of drug delivery to be successful, drug compounds must be absorbed and distributed to a target area without rapid metabolism and excretion. Drugs such as primidone, which has poor water solubility (Berghmans et al., 2007), are not suitable for the tank water screening method as the dermal uptake rate of hydrophobic drug compounds is less than 50%. The importance of drug absorption studies in zebrafish has been previously highlighted (Sukardi et al., 2011). While the tank water method is convenient and high throughput, it does not indicate how much of each drug compound is taken up per fish. Drug intake levels in the adult zebrafish brain can be directly measured from a pool of three whole brains, whereas such measurements are challenging in micro-sized larval brains (Mussulini et al., 2013). Inappropriate drug doses and poor absorption can result in false negatives. Drug administration through alternative routes, including oral (Banote et al., 2013), intraperitoneal (Paudel et al., 2020), and retro-orbital (Pugach et al., 2010), can be used for alternative drug delivery in adult zebrafish. These techniques have a low risk of injury and death and a high success rate after a few training sessions. In addition, these alternative administration protocols permit the administration of water insoluble drugs that cannot be administered to larval zebrafish in the bathing medium.



SEIZURE PHENOTYPING PARADIGMS

Zebrafish exhibit a robust seizure behavior phenotype. In both larval and adult zebrafish, behavioral changes after introducing a convulsant are transient and easy to evaluate both by manual scoring and by automatic tracking. Larval zebrafish can swim freely from 3-dpf, allowing researchers to use young larvae in behavioral studies. The behavior of small larvae is usually observed in 96-well plates, making them a truly high throughput system. However, larval behavior is simple and has a limited number of endpoints; the seizure behavior of larvae is generally analyzed based on velocity and distance traveled. Adult zebrafish have a wider spectrum of behavioral and physiological responses, such as rate of gill movements, spasms, and corkscrew swimming, and they are suitable for the novel tank test, which is used to assess anxiety-like behaviors (Wong et al., 2010). The higher-order behavior of adult zebrafish also allows cognitive psychological traits to be studied, including aggression, social preferences, anxiety, and learning/memory, meaning they are also a useful model for studying the cognitive effects of ASDs (Kundap et al., 2017; Choo et al., 2019).

Drug-induced seizures in zebrafish at all ages typically exhibit similar behavior, starting with erratic whirlpool-like swimming which develops to convulsive swimming, and eventually loss of posture or death (Afrikanova et al., 2013; Mussulini et al., 2013). Each non-drug induced epilepsy model can show different types of seizure behaviors. An adult post-traumatic epilepsy model shows reduced motor behavior with spontaneous myoclonic and generalized tonic-clonic seizures (Cho et al., 2020b). SCN1A mutant larvae exhibit increased swim activity with whole-body convulsions and rapid undirected movements (Baraban et al., 2013). STX1B mutant larvae, however, exhibit reduced swim behavior with myoclonic jerks (Schubert et al., 2014). This variety in seizure behavior, both related to animal age and to the cause of seizures, makes it difficult to create a standardized definition of behavioral seizures in zebrafish.

Another standard method used in zebrafish studies is recording single-channel local field potentials (LFPs). This method usually uses a glass electrode filled with 1 M NaCl to make recordings of up to 1 h from agarose-embedded larva (Zdebik et al., 2013). The adaptation of microfluidic technology in larvae electrophysiology has allowed electrophysiological signals to be measured from multiple zebrafish at the same time, boosting throughput in electrophysiology studies (Eimon et al., 2018; Cho et al., 2020a). With larger adult zebrafish, noninvasive multichannel electroencephalography (EEG) recordings from each hemisphere of the telencephalon and midbrain have been demonstrated, enabling the identification of seizure onset and propagation trends that cannot be determined in larvae (Cho et al., 2017).

Transparent larvae are widely used for fluorescent imaging. Generation of transgenic zebrafish expressing GCaMP, a DNA-encoded calcium indicator, coupled with advances in optical engineering, has enabled neuronal activity to be tracked in transgenic larvae at single-cell resolution (Turrini et al., 2017). The transgenic transparent casper adult zebrafish was introduced for in vivo fluorescent imaging in adult zebrafish (White et al., 2008). While calcium imaging in adult zebrafish epilepsy models has not yet been reported, it has been reported in other adult zebrafish studies (Huang et al., 2020). The continued refinement and use of state-of-the-art engineering techniques are providing us with novel neurophysiological tools, accelerating the use of the zebrafish as a valuable animal model in neuroscience.



CONCLUSION

The zebrafish is a powerful tool with larval and adult zebrafish having distinct features that must be considered in epilepsy research. Mammalian seizures can be recapitulated in both stages molecularly, behaviorally, and electrophysiologically. Transient larval – adult duality means that both stages exhibit advantages and disadvantages when used as models for human epilepsy. Larvae allow for higher-throughput experiments than adults, but adult zebrafish have a unique set of advantages. Though larger than larvae, they are still considerably more economical than the mammalian models frequently used for studying epilepsy and have much higher throughput capacity than mammals. Their larger body size makes them easier to handle than larvae, and more adaptable to laboratory techniques such as dissection, injection, and multichannel EEG. Important sex differences can be studied in adults but not in larvae. Moreover, the full range of brain functions in adults can present significant advantages over larvae in pathological and pharmacological studies of epilepsy.
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Pancreatic islets, discrete microorgans embedded within the exocrine pancreas, contain beta cells which are critical for glucose homeostasis. Loss or dysfunction of beta cells leads to diabetes, a disease with expanding global prevalence, and for which regenerative therapies are actively being pursued. Recent efforts have focused on producing mature beta cells in vitro, but it is increasingly recognized that achieving a faithful three-dimensional islet structure is crucial for generating fully functional beta cells. Our current understanding of islet morphogenesis is far from complete, due to the deep internal location of the pancreas in mammalian models, which hampers direct visualization. Zebrafish is a model system well suited for studies of pancreas morphogenesis due to its transparency and the accessible location of the larval pancreas. In order to further clarify the cellular mechanisms of islet formation, we have developed new tools for in vivo visualization of single-cell dynamics. Our results show that clustering islet cells make contact and interconnect through dynamic actin-rich processes, move together while remaining in close proximity to the duct, and maintain high protrusive motility after forming clusters. Quantitative analyses of cell morphology and motility in 3-dimensions lays the groundwork to define therapeutically applicable factors responsible for orchestrating the morphogenic behaviors of coalescing endocrine cells.

Keywords: pancreas, zebrafish, mosaic cell labeling, islet, beta cell, diabetes, filopodia, morphogenesis


INTRODUCTION

During organ formation, differentiating cells organize into complex structures that correspond with their physiologic roles. Intricate forms emerge through mechanisms that include differential adhesion, dynamic motility, and cell displacements. The vertebrate pancreas consists of digestive hormone-secreting acinar cells, a ductal system and the endocrine islets. The islets, clustered endocrine cells enveloped within the exocrine tissue, develop from progressive coalescence of differentiating progenitor cells that emerge from the ductal epithelium. While previous work suggested that progenitors actively migrate through the pancreatic mesenchyme during islet morphogenesis (Puri and Hebrok, 2007; Kesavan et al., 2014; Pauerstein et al., 2017), recent evidence reveals that clustering occurs in proximity to the pancreatic duct, either concurrent with cell exit (Sharon et al., 2019), or following movements along the ductal epithelium (Nyeng et al., 2019). Imaging studies in vivo and in explants have reported formation of dynamic protrusions in endocrine cells (Bechard et al., 2016; Bankaitis et al., 2018; Freudenblum et al., 2018), but their role in islet formation has not been fully defined.

Clarification of the mechanisms of islet formation requires visualization of active cell motility in vivo, for which the transparent zebrafish provides an ideal model system. The architecture and physiology of the zebrafish pancreas is highly similar to that of mammals, and a conserved set of genes regulates pancreatic cell type specification and differentiation (Prince et al., 2017). During the “second wave” of islet formation, endocrine progenitors emerge from the duct and cluster to form secondary islets, which in zebrafish initiates at around 5 days post fertilization (dpf) (Wang et al., 2011). Secondary islet development progresses slowly over subsequent weeks, in a stochastic, non-stereotypic manner (Parsons et al., 2009; Freudenblum et al., 2018). Beyond 8–10 dpf, the pancreas becomes increasingly difficult to visualize in the zebrafish due to increasing body wall thickness and contortions of the gut and pancreas (Freudenblum et al., 2018). However, as differentiation of endocrine cells is regulated by Delta-Notch signaling, their rate of appearance can be enhanced by treatment of early larvae with Notch inhibitors (Parsons et al., 2009; Kimmel and Meyer, 2016). Previous studies showed that the subsequent clustering of islet cells, which can be readily imaged in vivo, resembles the assembly of later forming, naturally occurring secondary islets (Freudenblum et al., 2018).

In studies of pancreas development in zebrafish, defined promoters can direct expression to pancreatic progenitors as well as exocrine tissue, duct, and islet cell types (Kimmel and Meyer, 2010; Prince et al., 2017). Inducible Cre-recombinase based systems for cell labeling in pancreas have been implemented for lineage tracing and fate mapping (Wang et al., 2015; Singh et al., 2017). Fewer tools are available for investigating cell dynamics, which requires labeling of membrane or cytoskeletal elements to reveal cell contours and fine details of cell morphology. To study motility and migration during early development in zebrafish, techniques such as DNA or RNA injection, or cell transplantation, are used to create mosaics in which single cells can be distinguished (Andersen et al., 2010; Boutillon et al., 2018), but such approaches are not easily applied to studying events during later developmental stages. The Gal4/UAS system can be used to label cell populations with spatial control provided by tissue-specific Gal4 expression (Weber and Köster, 2013), and using a Gal4ER (Estrogen Receptor binding domain) fusion protein provides additional tamoxifen-responsive temporal control (Gerety et al., 2013; Akerberg et al., 2014). Although demonstrated to be effective for inducible, spatially restricted transgene expression, Gal4ER and a related KalTA4ER have until now been infrequently implemented (Calzolari et al., 2014; Laux et al., 2017).

In this work, we develop new tools for studying cell motility during islet morphogenesis. We show that a 5 kb neurod promoter, previously used for studies of the zebrafish nervous system (Mo and Nicolson, 2011; Cook et al., 2019), also directs robust expression to pancreatic islet cells. A neurod:memKate transgenic line highlights morphology of all endocrine cell types. We further combined the neurod promoter with the tamoxifen-responsive Gal4ER fusion protein in an inducible system providing spatial and temporal control of gene expression. We demonstrate the rapid responsiveness and tightly regulated induction of neurod:Gal4ER for activating UAS responder lines, and we apply this approach to precisely characterize motility and morphology of clustering islet cells. Time lapse studies reveal heterogeneous protrusive behaviors with stable cell-cell connections leading to directed cell translocations. Mosaic cell labeling permitted analysis of single cell morphology in three dimensions, which established that cell dynamics are maintained as endocrine cells incorporate into clusters. The genetic and quantitative methods reported here can help to define molecular regulators of islet morphogenesis, and be further applied in broader developmental contexts.



RESULTS


Tight Apposition of Pancreatic Tissue Compartments

Recently published work asserts that differentiated endocrine progenitors remain attached to one another and to the duct as they cluster to form bud-like islets (Sharon et al., 2019). To explain a lack of movement away from the duct, we hypothesized that close apposition of pancreatic cell types may represent a physical barrier that restricts cell movements. To define the spaces occupied by pancreatic tissue compartments, we generated triple-transgenic zebrafish in which endocrine, duct and exocrine compartments are labeled by cytoplasmically localized fluorescent reporters. A previously generated line using the far red E2-Crimson fluorophore labels exocrine tissue (ela:E2-Crimson, Schmitner et al., 2017), and can be distinguished from a DsRed transgene expressed in endocrine cells (pax6b:DsRed). Ductal progenitors are labeled by the Tp1:GFP transgene (Parsons et al., 2009). To visualize secondary islet cells, we applied our previously validated method to trigger early endocrine cell differentiation using an inhibitor of Notch signaling (Freudenblum et al., 2018).

By imaging through confocal stacks, a close apposition between the three tissue compartments can be observed (Figures 1A–C). At the head of the pancreas, the principal islet is tightly apposed by exocrine tissue and intervening ductal cells. In the pancreatic tail, the ductal contours are closely matched by those of exocrine tissue. In images collected at 24 hour intervals, clustering of secondary islet cells could be observed (Figures 1A’–C’). The cells changed morphology and moved together, without moving away from the duct. These constricted spatial relationships are consistent with a model of endocrine cell clustering by movement along the duct, without long-distance migration through the mesenchyme.
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FIGURE 1. The exocrine pancreas envelops the duct and the endocrine pancreas. (A–C) Z-projections of confocal stacks showing endocrine (pax6b:DsRed, red), exocrine (ela:E2crimson, gray) and ductal (Tp1:GFP, green) pancreatic compartments. Single slice close-ups (yellow boxes) highlight the close apposition of the exocrine tissue to the duct and endocrine cells. (A’–C’) Corresponding 2-channel images to highlight Notch-inhibitor induced secondary islet cells which move together (insets), but remain near the duct when imaged at 24 h intervals between 6 and 8 dpf. Scale bars: 50 μm; insets, 10 μm.




A Tool for Highlighting Cell Morphology During Islet Formation

To gain further insight into cellular mechanisms of islet formation, we generated novel transgenic tools for better visualization of cellular morphology and motility. The transcription factor neurod plays a critical and conserved functional role in endocrine cell differentiation in zebrafish and mammals (Naya et al., 1997; Flasse et al., 2013), and a previously generated BAC transgenic line, TgBAC(NeuroD:EGFP)nl1 [hereafter referred to as BAC(nd:EGFP)], is expressed in the central nervous system and lateral line, as well as in pancreatic endocrine cells (Dalgin et al., 2011; Kimmel et al., 2011; Thomas et al., 2012). While the BAC(nd:EGFP) transgenic line is extremely useful for visualizing the early emerging endocrine cells, modifying this transgene for studies of cell dynamics would be technically challenging. A 5 kb fragment of the neurod promotor was developed for studies of the nervous system (Mo and Nicolson, 2011), but has not previously been validated for studies of endocrine pancreas. To develop a tool for studying membrane dynamics in endocrine cells, we combined this 5 kb neurod promoter with a membrane-tagged red fluorescent protein to generate the nd:memKate transgene.

To confirm that this promoter fragment drives endocrine as well as nervous system expression, we analyzed memKate expression in embryos also containing BAC(nd:EGFP). Overall, the neurod promotor-driven expression pattern correlated with the expression pattern of the BAC transgene during embryogenesis (Figures 2A–D). Compared to BAC transgenes insulated by extensive genetic sequences thought to minimize position effects, expression driven by promoter fragments can be variable depending on site of integration (Beil et al., 2012). In some cases, they may not recapitulate the full gene expression pattern. In examining the F1 generation, we noted variability in strength of pancreatic islet versus nervous system expression. For further experiments we selected and maintained lines showing consistent and strong endocrine pancreas expression.
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FIGURE 2. Neurod-promoter driven transgene expression in the nervous system and pancreas. (A–D) In vivo Kate (red) and EGFP (green) expression in the neural tube, head and pancreatic principal islet at the stages indicated. The yellow insets show a higher magnification view of the principal islet. Full images were assembled by stitching together partially overlapping regions. (E–J) High magnification overlay of neurod-promotor (red) and neurod-BAC (green) expression in the pancreatic principal and secondary islets of fixed and dissected samples at 2 dpf and 6 wpf. Blue arrowhead, neural tube; cyan arrowhead, head region; orange arrow, protrusion; gray arrowhead, cell-cell connection. Scale bars: (A–C), 100 μm; inset, 10 μm; (D), 500 μm; inset, 250 μm; (E–J), 10 μm. (A’–J’) Single channel nd:memKate expression.


In established nd:memKate transgenic lines, neurod-promoter driven expression in the central nervous system and the principal islet of the pancreas was consistent through larval and juvenile stages (Figures 2A–D). With higher magnification imaging of the principal islet at embryonic (2 dpf) and juvenile (6 weeks post fertilization, wpf) stages, we observed memKate labeled cell membranes of cells expressing cytoplasmic EGFP from BAC(nd:EGFP) (Figures 2E,F). In zebrafish, secondary islet cells begin to differentiate after 5 dpf and form clusters that progressively increase in size. To confirm that the neurod promoter also drives expression in secondary islet cells, we examined dissected pancreata from 6 week old nd:memKate;BAC(nd:EGFP) double transgenics (Figures 2G–J). The membrane targeted memKate co-localized with EGFP in the principal and secondary islets. In loosely associated secondary islet cells, the memKate highlighted cell contours as well as protrusions and fine cell-cell connections (Figures 2I,J, arrows), which are proposed to play a functional role in the assembly process (Freudenblum et al., 2018; Nyeng et al., 2019).

We previously analyzed fine cellular extensions formed by early beta cells based on mnx1:memGFP transgene expression (Freudenblum et al., 2018). The newly generated nd:memKate transgene enabled us to examine cell motility and assembly additionally in further differentiated endocrine cells. Within gcga:GFP-expressing alpha cells and sst:GFP-expressing delta cells, as well as in ins:GFP-expressing beta cells, protrusions extending > 1 cell diameter in length were detected in loosely clustered cells in the process of forming tighter aggregations, and within cell clusters (Supplementary Figure S1). Thus, protrusion formation is not limited to the beta cell lineage, and is a behavior that is maintained as cells differentiate.



Emerging Islet Cells Remain Near the Duct

To further examine cell movements during islet formation, we used the Tp1:GFP transgenic line in combination with the nd:memKate transgene, and followed naturally arising as well as induced secondary islet cells at 7 dpf for up to 2.5 h by time-lapse imaging (Figure 3A). nd:memKate-expressing cells maintained contact with the duct via cytoplasmic extensions (Figures 3B–D). Narrow bridges between endocrine cells could be observed, which changed over time (Figure 3D). Endocrine cells formed small clusters at the periphery of the duct (Figure 3D), while migration away from the duct was not observed (n = 14 movies). To support these findings, we extended the live imaging up to 4 days. Following induction of endocrine cell differentiation by Notch inhibition at 4 dpf, we imaged the pancreas at 6, 7, 8, and 9 dpf using our catch-and-release approach (Freudenblum et al., 2018) (Supplementary Figure S2A). Induced secondary islet cells extended protrusions, and changed position over time to form linear arrays and small clusters, while remaining in contact with the duct. Even over these longer time intervals, we did not observe movement of cells away from the duct (Supplementary Figure S2B, n = 6 embryos).
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FIGURE 3. Secondary islet cells remain near the duct. (A) Schematic of experimental approach. (B–D) Z-projections of confocal image stacks in control (B) and Notch inhibitor-treated (C,D) Tp1:GFP;neurod:memKate transgenics at 7 dpf, acquired by time lapse imaging at the times indicated (min = minutes). Single channel images of neurod:memKate expression are shown below each 2-color panel. Orange arrow, protrusion; gray arrowhead, cell-cell connection. Scale bars, 10 μm.


To visualize naturally occurring secondary islets in relation to the duct, we imaged 2 week old neurod:memKate;Tp1:GFP transgenics. The principal islet and secondary islets are surrounded by the ductal plexus (Figures 4A,B) and secondary islet cells show protrusions which are in contact with ductal cells (Figure 4C and Supplementary Movie S1). These results are consistent with recent data from mouse, demonstrating that also in zebrafish, islet cells coalesce in close proximity to the duct.
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FIGURE 4. Naturally occurring secondary islet cells and clusters remain duct-associated. (A) Pancreas of Tp1:GFP;neurod:memKate double-transgenic imaged at 2 wpf. Indicated are the principal islet (yellow arrow) and secondary islets (white arrows). (B,C) Higher magnification views of secondary islets from samples as in (A), showing directly adjacent ductal tissue (green). Maximum intensity projections (B,C) and single slice images (B’,C’) of secondary islets. Orange arrow, protrusion. Scale bars: (A), 50 μm; (B,C), 20 μm.




Inducible Endocrine Cell Transgene Expression

While the nd:memKate transgene highlights cell membranes of the clustering endocrine cell population, it is difficult to discern morphologies of individual cells (Supplementary Figure S1). Quantitative studies of cell dynamics are facilitated by sparse labeling of cells, which in turn enables identification of regulating factors that act cell autonomously. To pursue this end, we adapted the inducible Gal4ER/UAS system to label endocrine cells, by first generating a driver line which expresses Gal4ER under control of the neurod promoter (nd:Gal4ER). Functionality and specificity were tested by crossing nd:Gal4ER transgenics with UAS:GFP transgene-containing fish (Figure 5A). Following overnight treatment with Tam at 24 h post fertilization (hpf), double transgenic embryos examined at 48 hpf exhibited GFP expression in regions of neurod expression, including eye, brain, posterior nervous system, and endocrine pancreas (Figure 5B). We also tested induction in juvenile (8 wpf) fish following exposure to Tam for one hour per day for 3 days. Robust GFP expression was detected in the principal and secondary islets (Figure 5C) and brain structures (not shown), demonstrating functionality of the system at post-larval stages. Double nd:Gal4ER;UAS:GFP transgenics did not show fluorescence prior to Tam treatment (n = 11), confirming that the system is not leaky (Supplementary Figures S3A,B), while specific GFP expression in pancreas and nervous system was readily detected after Tam treatment (Supplementary Figures S3C,D). As with the nd:memKate transgenic, we observed variability in Tam-activated expression. For our studies, we selected nd:Gal4ER lines showing strong and consistent Tam-specific induction as tested in combination with the UAS:GFP transgene.
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FIGURE 5. neurod promoter-driven inducible transgene expression. (A) Schematic of Gal4ER-mediated transgene activation. The driver line expresses Gal4ER (blue oval). Upon Tam (green squares) treatment, Gal4ER activates the UAS-linked responder line (shown is UAS:GFP). (B,C) Visualization of GFP expression in vivo in Tg(nd:Gal4ER;UAS:GFP) embryos (2 dpf) and juveniles (8 wpf), following Tam treatment. Images shown are overlay of GFP and a bright field image. (B’,C’) Corresponding image showing GFP expression alone. Blue arrowheads indicate GFP expression in the nervous system, yellow and white arrows the expression in the principal islet and secondary islet cells, respectively. Yellow inset (C’) shows secondary islet cells and secondary islets at higher magnification. Purple arrowhead indicates the heart transgenesis marker (cmlc2-EGFP). Scale bars: (B), 500 μm; (C’, inset), 200 μm.


To define kinetics of onset and minimal dosage requirements, we treated embryos at 5 dpf with Tam for 1 hour and examined the onset of detectable GFP expression (Supplementary Figures S4A–I). GFP was first observed in the principal islet in 18% of embryos 3 h after the end of treatment with 1 μM Tam. With higher Tam doses (5 μM, 10 μM) more embryos showed expression after 3 h. After 24 h post-treatment, all embryos showed principal islet GFP expression (Supplementary Figures S4J–M and Supplementary Table S1).

To determine the maximal percentage of induction that could be achieved, we generated double transgenics containing BAC(nd:EGFP), to label the whole endocrine cell population, in combination with nd:Gal4ER (Figure 6A). We then applied Tam to embryos from a cross of these double transgenics and a homozygous UAS:mCherry responder line that were selected for expression of BAC(nd:EGFP) and the heart transgenesis marker (cmlc2:GFP). Following overnight treatment with 1 μM and 10 μM Tam, we imaged mCherry and GFP expression in the principal islet (Figures 6B,C). 10 μM Tam yielded a higher percentage of GFP+/mCherry+ double positive cells (76%) as compared to 1 μM (54%) (Figure 6D). Tam-responsive expression within Notch inhibitor-induced secondary islet cells varied between embryos within the same treatment groups (Figures 6E,F). Triple transgenics exposed to 1 μM Tam (n = 14) showed on average 38 ± 17% double-positive secondary islet cells. Increasing the dose to 5 μM Tam did not significantly change the cell labeling efficiency or variability, with 37 ± 18% double positive cells (n = 20) (Figure 6F). The mosaic mCherry labeling revealed cytoplasmic extensions forming intercellular connections (Figures 6G–J). Notch-inhibitor treated samples were more susceptible to toxicity from Tam, and overnight exposure to doses above 5 μm caused more than 50% lethality. Induced mCherry expression within naturally occurring secondary islets at 8 wpf was similarly mosaic (Supplementary Figure S5).
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FIGURE 6. Mosaic labeling of endocrine cells. (A) Scheme for examining efficiency of Gal4ER activation. All endocrine cells are labeled by BAC(nd:EGFP), mCherry (red) indicates the expression induced by Tam activation of Gal4ER. (B,C) Z-projections and single z-slice (B’,C”) images of principal islets of 2 dpf embryos after overnight Tam treatment at the doses indicated. Single z-slice images show GFP/mCherry (B’,C’) or mCherry only (B”,C”). Asterisks (*) indicate GFP+/mCherry-cells. White stars mark GFP-only positive cells. (D) Quantification of double-positive islet cells relative to the GFP + endocrine cell number of embryos as in (B,C) (1 μM n = 8, 54%; 10 μM n = 9, 76%; p = 0.0016; graphed is mean ± s.d.). (E) Experiment to mosaically label secondary islet cells after Notch inhibitor-triggering of endocrine cell differentiation. In triple nd:Gal4ER; UAS:mCherry;BACnd:EGFP transgenics, a subset of endocrine cells express mCherry after Tam activates Gal4ER activity, while all endocrine cells are labeled by BAC(nd:EGFP). (F) Percentage (%) of GFP + secondary islet cells that are also mCherry +, after 1 μM and 5 μM Tam treatment overnight (1 μM n = 14, 38%; 5 μM n = 20, 37%; p = 0.9721; graphed is mean ± s.d.). (G–J) Maximum intensity projections of representative samples from experiment outlined in (E) following Tam treatment at the indicated concentrations, and quantitated in (F). (G,I) Secondary islet cells in the posterior pancreas (white outline) at 6 dpf (stitched images). (H,J) Close-ups of secondary islet cells. (H’,J’) show corresponding single channel images of mCherry expression. Orange arrow, protrusion; gray arrowhead, cell-cell connection; blue arrows, neuronal processes (s.d., standard deviation). Scale bars, 10 μm. **p < 0.01.


To apply the nd:Gal4ER transgene for studies of islet cell morphogenesis, we next developed responder lines containing a UAS response element upstream of a red fluorescent transgene (Tandem-dimer-Tomato, TdT) tagged with an actin-targeting sequence (LifeAct) (Supplementary Figure S6A). We tested the functionality of UAS:LifeActTdT lines in combination with a heat shock-inducible Gal4 (hsp70:Gal4) transgenic line (Supplementary Figure S6A). Heat-shock treatment of embryos at 1 dpf resulted in robust ubiquitous activation of LifeActTdT expression detectable at 24 after heat shock and persisting until at least 5 dpf (Supplementary Figure S6B,H). In addition, no abnormalities in development resulting from LifeActTdT expression were observed. Actin-rich structures could be identified in various tissues, such as muscle, notochord, skin and nerve cells (Supplementary Figures S6C–G,I–M).



Dynamic Cell Behaviors Persist During Islet Coalescence

Complex cell morphologies that arise due to intrinsic molecular and biomechanical processes, coordinated in response to external cues, contribute to the progression of morphogenesis (Mammoto and Ingber, 2010). Mosaic labeling of emerging pancreatic islet cells with actin-targeted fluorescence enabled visualization of fine details of cell morphology and facilitated segmentation of individual cells in three dimensions (3D). To identify features and behaviors that are modulated as cells transition from loosely associated to more tightly clustered aggregates, we analyzed endocrine cells at distinct stages of islet formation. To reveal single endocrine cell morphology, we examined Gal4ER-induced UAS:LifeActTdt expression in combination with pax6b:GFP, to label all endocrine cells without the potentially confounding labeling of nerve fibers seen with BAC(nd:EGFP) (Figures 6G,I). pax6b:GFP;nd:Gal4ER;UAS:LifeActTdT triple transgenic embryos were treated sequentially with Notch inhibitor followed by Tam, and individual cells were analyzed. For 3D quantitative morphology measurements, we focused on single cells that were categorized either as isolated or loosely assembled (Figures 7A,B), or within larger (4 or more cells) clusters (Figures 7C,D). Cells in both categories showed diverse and complex morphologies, with extension of broad cytoplasmic protrusions and fine filopodia that varied from straight to flexible and branched (Figures 7A–D, center and right). As cells clustered, volume showed a small but significant decrease, while other parameters of cell size, specifically surface area and Feret’s diameter, varied between cells but overall did not significantly change upon clustering (Figures 7E–G and Supplementary Figure S7; n = 14 ‘isolated,’ n = 14 ‘clustered’).
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FIGURE 7. 3D morphology of isolated and clustered secondary islet cells. pax6b:GFP;nd:Gal4ER;UAS:LifeActTdT larvae were treated by Notch inhibitor at 4 dpf followed by Tam treatment (for details see Supplementary Table S2). Representative single LifeActTdT-labeled cells categorized as isolated (A,B) or clustered (C,D), shown in the context of nearby pax6b:GFP+ islet cells (left), as a surface rendering in the original orientation (center), and rotated 90 degrees (right). (E) Cell volume is decreased in clustered (clus) as compared to isolated (iso) cells (t-test, p = 0.02), while surface area, Feret’s diameter and sphericity are similar between the 2 groups ((F–H), see Supplementary Table S3). (I) Scatter plot of volume versus sphericity, followed by linear regression analysis, showed no correlation for isolated or clustered cells (slope∼0). (J) Volume:ellipsoid ratio versus sphericity showed a positive correlation of these parameters, with no difference between the groups (see Supplementary Table S4). For (E–J), isolated cells n = 14; clustered cells n = 14. *p < 0.05; ns, not significant. Scale bars, 10 μm.


Sphericity, a measure of shape complexity, was also similar between the two groups of cells (Figure 7H). Plotting sphericity as a function of volume revealed that cell complexity did not vary with cell size (Figure 7I, R2 = 0.014 isolated cells; R2 = 0.023, clustered cells), and that the data points from the two categories were intermingled and did not separate into distinct morphotypes. Measures of complexity (sphericity and the cell volume to ellipsoid volume ratio) showed a linear association (R2 = 0.704 isolated cells; R2 = 0.765, clustered cells) in a continuous distribution, with no segregation of data points from isolated versus clustered cells (Figure 7J).



Actin Rich Protrusions Mature Into Intercellular Bridges Which Direct Cell Movements

To further investigate cell dynamics during islet formation, we performed time lapse imaging studies with short (2 minute) time intervals. LifeActTdT expressing cells in either isolated or clustered configurations displayed active extension and retraction of actin-rich filopodia (Figure 8, Supplementary Figure S8, and Movies 2–5). By tracking filopodia appearance and disappearance, as well as extension and retraction, we could define behavior as dynamic or relatively stable. While the number of dynamic protrusive events were similar between isolated and clustered cells (Figure 8E, p = 0.933), clustered cells showed a significant increase in the number of less motile filopodia (Figure 8F, p = 0.016).
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FIGURE 8. Dynamic protrusive activity of both isolated and clustered cells. Analysis of filopodial dynamics from time lapse series of mosaically labeled secondary islet cells (as in Figure 7; for details see Materials and Methods and Supplementary Tables S2, S5). Z-projections of 3D confocal time-lapse sequences captured at the times indicated, showing isolated (A,B) or more clustered (C,D) cells. Stable (blue arrowheads), and dynamic (orange arrowheads) protrusions are indicated. Dynamic events were equally frequent in isolated as compared to clustered cells (E, p = 0.93), while clustered cells show an increased number of stable filopodia (F, p = 0.016; see Supplementary Table S6). *p < 0.05; ns, not significant. Scale bars, 10 μm.


Persistent and dynamic protrusive behavior, leading to formation of stable cell-cell connections, may serve as a mechanism for single cells to join nascent islets, and for steady accumulation of cells into increasingly larger clusters. To explore this possibility, we examined protrusions and corresponding cell displacements at high resolution over shorter and longer time intervals. In LifeActTdT labeled cells, fine protrusions showed stronger intensity actin labeling in the proximal regions, and a weaker signal in the tapering distal ends (Figure 9A and Supplementary Figure S9). We observed heterogeneous behaviors in cells making contact through protrusions. In some examples, the meeting of distal tips from opposing filopodial extensions was transient, and did not lead to formation of a stable connection (Figure 9A and Supplementary Figures S9A,C). Contacting filopodia in some cases appeared flexible and not under tension (Supplementary Figure S9B), while in other instances the connection seemed to stretch and break apart (Figure 9A and Supplementary Figures S9A,C). Continued observation over subsequent hours confirmed that the disrupted cell-cell attachment had not been reestablished (Figure 9A and Supplementary Figure S9A). Protrusions in other samples formed stable attachments which matured into intercellular bridges that resulted in cells moving together (Figures 9B–D and Supplementary Figures S10, S11). Interestingly, in following changes in cell-cell distances over time, intervals of increased cell-cell distance were interspersed during an overall trend toward coming together (Figure 9D and Supplementary Figure S11B). This implies a complex sequence of stretching and pulling events. Overall, these studies suggest that islet assembly progresses through stochastic protrusive behaviors which lead to both transient and persistent cell-cell attachments.
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FIGURE 9. Filopodia form both transient and stable connections. Z-projections of confocal time-lapse series of Tam treated triple Tg(pax6b:GFP;nd:Gal4ER; UAS:LifeActTdT) larvae (for details see Supplementary Table S2). (A,B) LifeActTdT actin labeling is shown in red or gray, combined with pax6b:GFP (green, far left and far right panels in A). (A) Example of a transient connection between nearby cells. (B) Movements of loosely clustered cells correlate with formation of cell-cell connections. (C) Time series shown in (B), with cells segmented and labeled by number and pseudocoloring to facilitate identification in subsequent images and analysis of cell movements. (D) Quantification of the center-to-center distance of cells over time show that cells which connected through protrusions (line ‘A’ - cells 2 + 3, line ‘B’ - cells 6 + 7) move closer together, compared to cells that were not attached to each other (line ‘C’ – cells 3 + 6). Scale bars, 10 μm.




DISCUSSION

In this study we have developed a genetic system for mosaic labeling of the actin cytoskeleton in emerging endocrine cells, to enable detailed examination of cell-cell interactions and directed translocations during islet formation. We demonstrate that the previously reported 5 kb neurod promotor (Mo and Nicolson, 2011) is active in pancreatic endocrine cells, and we incorporated this promoter into transgenic lines for studying endocrine cell morphology. Using these novel tools, we show that in zebrafish, differentiated endocrine cells remain adjacent to the duct during islet formation, consistent with recently proposed models in mouse (Sharon et al., 2019). Analysis of 3D morphology and dynamics in nascent islet cells revealed persistent motile and protrusive behaviors, which continued as cells incorporated into clusters. Thus, cells within clusters maintain the capacity to form new contacts with cells in the vicinity, suggesting a mechanism for steady accumulation of cells into increasingly larger aggregates.

Movement of islet progenitors and beta cells has been observed in pancreatic explant studies, and protrusions have been reported in cells emerging from the duct (Puri and Hebrok, 2007; Kesavan et al., 2014; Bechard et al., 2016; Pauerstein et al., 2017; Bankaitis et al., 2018). Based on these studies, it was thought that differentiated endocrine cells first move away from the duct into the mesenchyme and then cluster to form islets (Bakhti et al., 2019). However, recently published work suggests that instead, the differentiated endocrine cells remain in contact with the duct, move together and aggregate to form what were termed peninsulas (Sharon et al., 2019). With our approach using zebrafish larvae, it is possible to visualize not only the whole endocrine cell population in relation to the ductal progenitor compartment, but also the morphology of single endocrine cells in 3D. Consistent with observations from explant studies showing that beta cells produce cytoplasmic protrusions and move along the duct to join other beta cells (Nyeng et al., 2019), our studies revealed that endocrine cells stay in proximity to the duct, and use dynamic protrusions to initiate cell-cell contacts which appear to direct cell coalescence.

To quantitatively analyze relationships between 3D cell morphologies and morphogenic behaviors, which provides a framework for identifying regulating factors, sparse cell labeling is required. For this we implemented the Gal4ER/UAS system. Our newly established neurod:Gal4ER line extends the possibilities for inducible gene expression in pancreatic endocrine cells as well as in the nervous system. Transcriptional activation of a UAS responder line was detectable within 3 h of Tam treatment and the expression was highly robust in the endocrine pancreas. The induction of expression in the principal islet was Tam dose-dependent. It was possible to achieve a high percentage of labeling in the principal islet (76%) with a high Tam concentration, but we achieved a maximal of only 38% in induced secondary islet cells. A possible reason for this difference is that the neurod promotor in the principal islet cells is active by 12 hpf (Flasse et al., 2013) so that more Gal4ER protein has accumulated by the time of Tam treatment as compared to the secondary islet cells, where neurod expression follows onset of differentiation triggered by Notch inhibitor treatment. A high toxicity for combining Notch inhibitor LY411575 with Tamoxifen in zebrafish has been reported (Ghaye et al., 2015), we minimized this effect by applying the treatments sequentially, but we were still limited in the maximum Tam dose that we could apply. Similar to the need for confirming functional floxed alleles when using the Cre-loxP system (Carney and Mosimann, 2018; Kirchgeorg et al., 2018), extensive screening was necessary to identify highly responsive UAS lines, and UAS-directed gene expression showed variation between embryos within an experiment. This could result from variability in Tam penetration or efficacy, or uneven Gal4ER activity, as previously described for other inducible Gal4/UAS applications (Hanovice et al., 2016).

As induction of expression from UAS responders can be titrated for low frequency labeling, the Gal4ER/UAS system can be applied to generate mosaic transgene expression. Limitations on maximal expression efficiency render this system less suitable when homogeneous overexpression is required. To overcome the constraints of toxicity and to increase gene expression efficiency, a caged tamoxifen, which can be activated in a specific tissue by UV light, could be used (Faal et al., 2015). This may, in future studies, allow use of higher Tam concentrations and yield more robust gene expression within a defined region. Photocaged versions of Tam have been successfully used in zebrafish in combination with the CreER/loxP and Gal4ER/UAS systems (Sinha et al., 2010; Feng et al., 2017).

Filopodia can probe the environment, prime cell adhesion, as well as mediate intercellular communication which directs tissue morphogenesis (Caviglia and Ober, 2018). Several classes of molecular signals localize to protrusions and can influence morphogenesis through cell-cell contacts. E-cadherin is required in the filopodia that direct preimplantation embryo compaction (Fierro-González et al., 2013). A role for E-cadherin has been demonstrated for clustering of mouse beta cells (Dahl et al., 1996), but a filopodial enrichment of E-cadherin in relation to contact formation has not yet been confirmed. Eph/Ephrin signaling mediates bi-directional signaling during development (Caviglia and Ober, 2018), and localization of components to dendritic filopodial tips influences filopodial behavior during sampling and eventual selection of synaptic targets by neurons (Mao et al., 2018). Expression of Ephs and Ephrins in pancreatic beta cells has been shown to be important for regulating glucose secretion (Jain and Lammert, 2009), however, roles for these proteins in islet formation remain to be determined. Future efforts using our inducible system can define contact-dependent and secreted signals that influence filopodia behavior and direct cell-cell contact formation.

Within the islet, cell-cell communication through paracrine signaling is crucial for fully functional glucose-responsiveness of beta cells (Jain and Lammert, 2009). How cell-cell interactions are established between progenitors during islet development is poorly defined, and having correct connections between transplanted cells is a crucial consideration for islet replacement therapies (Memon and Abdelalim, 2020). Cell-cell contacts originating as cytoplasmic protrusions during islet formation may not arise purely through chance encounters, but may instead be localized to fulfill specific functional roles. The increase of stable filopodia within clustered islet cells suggest these may be direct precursors for structures seen in the mature islet, and represent an enduring morphological feature. We report here long cellular extensions on more differentiated cells expressing sst:GFP, gcga:GFP and ins:GFP in addition to neurod:memKate. Consistent with our findings, dynamic filopodia within the mature islet have been detected on beta cells (Geron et al., 2015) and more recently on somatostatin-secreting delta cells (Arrojo e Drigo et al., 2019), which are suggested to facilitate intra-islet paracrine signaling. While paracrine signaling is expected to occur between directly adjacent cells, cytoplasmic extensions forming signaling contacts between distant cells may be a more general phenomenon that has not been fully appreciated in densely packed islet cells in the absence of sparse cell labeling.

In conclusion, the novel transgenic lines and approaches reported here represent valuable new tools for interrogating molecular mechanisms of pancreatic islet assembly. The mosaic single cell labeling and 3D morphological quantitation that we developed can be applied to studying dynamic cell behaviors during other morphogenetic processes during development, and during pathological processes such as tumor invasion. Furthermore, these studies provide a framework for identification of molecular factors that direct coalescence and formation of the three-dimensional islet structure. Through better understanding of mechanisms regulating pancreatic islet development, crucial signals can be identified and implemented into differentiation protocols to improve the efficiency of generating fully functional islet cells in vitro for replacement therapy of diabetes.



MATERIALS AND METHODS


Zebrafish Maintenance and Transgenic Fish Lines

Zebrafish (Danio rerio) were maintained according to standard protocols (Kimmel et al., 1995). When necessary to reduce pigmentation, embryos were grown in 0.0015% PTU (Sigma, P7629). For studying juvenile fish, larvae were kept in petri dishes until 5 days post fertilization (dpf), then transferred to our fish facility. Larvae studied between 6 and 9 dpf were kept in a 28°C incubator in petri dishes or 6-well plates and fed with Caviar (5–50 μm; Bern Aqua) once per day.

Transgenic lines used in the study are listed in Supplementary Table S8. The transgenic lines were maintained in a mitfa or Tübingen background. Plasmid constructs for newly generated transgenic fish lines were prepared from entry vectors which were combined using Multisite-Gateway Cloning and the Tol2kit (Kwan et al., 2007). The p5E’-neurod-promotor construct was kindly provided by Alex Nechiporuk (Oregon Health & Science University, United States), p5E’-6xUAS by Martin Distel (St. Anna Children’s Cancer Research Institute, Vienna, Austria), pME-memKate (ras_mKate2) by Caren Norden (Instituto Gulbenkian Ciência, Lisbon, Portugal), and pME-Gal4ER by Scott Stewart (University of Oregon, OR, United States). Generation of pME-LifeActTdT was previously described (Freudenblum et al., 2018). pDest-neurod:Gal4ER was generated in pDestTol2CG2 which contains the cmlc2:EGFP transgenesis marker, pDest-UAS:LifeActTdT contains the cryaa:tagRFP transgenesis marker (destination plasmid kindly provided by Wenbiao Chen, Vanderbilt, Tenn, United States). Transgenic lines were generated by injection of 25 ng/μL plasmid DNA and 50 ng/μl transposase mRNA into one-cell stage Zebrafish embryos using standard protocols (Kwan et al., 2007).

neurod:memKate transgenic lines were examined for pancreatic islet and nervous system expression. Lines with consistent expression and 50% transmission were used for further experiments in embryos and larvae. Results from juvenile fish were obtained using transgenics showing > 50% transmission, and thus with brighter expression presumably from multiple insertions, to better show the details of expression in older animals. The fluorescence from single insertion lines was comparable in location, but dimmer, and difficult to visualize in older samples.



Heat-Shock (HS) and Compound Treatments

Heat-shock was performed in petri dishes in an air incubator (samples < 4 dpf) or in cell culture flasks placed in a shaking water bath (120 rpm) (samples 4 dpf or older) at 38–39°C for up to two hours. Induction of secondary islet cell differentiation was performed by overnight treatment with Ly411575 (SML0506-5MG, Sigma Aldrich, dissolved in DMSO) at 4 dpf, according to published protocols (Freudenblum et al., 2018).



Gal4ER Activation by Tamoxifen

Gal4ER was induced by 4-hydroxy-tamoxifen (Tam, H7904-5MG, Sigma Aldrich, dissolved in DMSO) as previously described (Akerberg et al., 2014). To test transgene functionality, nd:Gal4ER transgenics were crossed with the UAS:GFP, UAS:mCherry or UAS:LifeActTdT responder lines, with Tam dosing as indicated. Tamoxifen’s relative insolubility and instability in storage leads to variable responses in experiments, even under consistent experimental conditions (Felker and Mosimann, 2016). As we were trying to capture single or sparsely labeled cells in different stages of islet assembly, which itself is a stochastic and variable process, it was difficult to establish an optimal ‘best’ Tam treatment protocol. Therefore, experiments to examine cell morphology and dynamics were performed with a series of Tam treatment conditions (Supplementary Table S2), and samples with bright pancreatic cells, as observed under a dissecting microscope, were selected for subsequent high resolution confocal imaging. In larval samples (5–6 dpf) we achieved robust induction with 1–3 h of 2.5 μM to 25 μM, with lower doses (5 μM) more useful for single cell analyses. For overnight treatments, 2.5 μM was sufficient to activate expression, and larvae tolerated a maximal dose of 5 μM.



Microscopy

Samples were imaged either live or after a brief fixation as follows: samples were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at room temperature for 1 to 2 h, washed three times with 1 x PBS-0.1% Tween, then dissected and embedded in 1.5% low-melting point agarose. Live larvae or juvenile fish were anesthetized with tricaine, settled on a glass-bottom dish and embedded in 1.5% low-melting point agarose overlaid with egg water or E3 medium containing 0.003% tricaine. Confocal fluorescence images were acquired with a Zeiss Axio Observer.Z1 equipped with a Yokogawa CSU-X1 spinning disk using 10x, 25x, 40x or 63x water-immersion lenses or a Zeiss exciter confocal microscope using a 20x water immersion objective lens. For brightfield and widefield fluorescent images, a Leica MZ16FA was used.



Image Processing and Analysis

To assemble complete images from smaller elements, partially overlapping regions were stitched together using Photoshop (Adobe). Confocal stacks were processed and quantitated in ImageJ/Fiji (Schneider et al., 2012) using plugins as described below. Brightness and contrast adjustment and background subtraction were uniformly applied, and a median filter was applied to reduce speckle noise. Sample shift within a z-stack or time-lapse series was corrected using ‘MultiStackReg’ (Thevenaz et al., 1998) or ‘Correct 3D Drift’ (Parslow et al., 2014). If necessary, single slices were removed from z-stacks if they contained blurring artifacts due to gut contractions. Cell counts based on transgene expression were achieved using the ‘Point Picker’ plugin with confocal z-stacks.



Single Cell Morphology Analysis

For cell morphology analyses, samples with strong pancreatic expression visible under the dissecting microscope were selected for confocal analysis. An initial image to record cell context included both red and green channels. Subsequent time lapse image series recorded only the red channel, to minimize bleaching and toxicity to the samples. For 3D segmentation of single cells, the initial processing included median filter, background subtraction and contrast enhancement applied uniformly to cropped images. Segmentation of foreground from background was performed using the ‘3D Hysteresis Threshold’ plugin (Ollion et al., 2013). The resulting mask was further processed to fill holes, and smoothed using the ‘Dilate (3D)’ and ‘Smooth (3D)’ functions. Signal not contiguous with the cell of interest was removed using the ‘Purify’ function of ‘BoneJ’ (Doube et al., 2010). Signal from adjacent cells not possible to remove by cropping was trimmed manually in individual slices when necessary. 3D cell parameters were calculated using the ‘Measure 3D’ function of the ‘3D ROI Manager’ (Ollion et al., 2013). Sphericity is a measure of compactness, calculated as a normalized ratio of the object’s surface area to its volume, with a value of 1 representing a perfect sphere. Feret’s diameter, or maximum caliper, is an indicator of cell spreading and is the distance between the two surface pixels located farthest apart.



Time Lapse Image Analysis

In time lapse movies visualizing cell dynamics, maximum intensity projections are presented as they provide increased signal density and improve visibility of fine protrusions. 3D surface renderings of single cells were generated using the ‘3Dscript’ plugin (Schmid et al., 2019). To measure 3D filopodia length in time lapse movies, the ‘Simple Neurite Tracer’ was used on z-stacks at each time point (Longair et al., 2011), with length values exported to Excel for further analysis. A ‘dynamic event’ is counted when a filopodia (minimum length 1.0 μm) appears, disappears, or changes in length by > 50%. A ‘stable filopodia’ was detected at every time point over the 20 min imaging period and did not change > 50% in length over that time. To determine cell movement trajectories, cells were segmented in 3D using the ‘Segmentation Editor’ and coordinates of cell centers were extracted using the ‘3D ROI Manager’ (Ollion et al., 2013). Cell center coordinates were imported into MATHEMATICA software (Wolfram) to produce a 3D trajectory graph (using a custom written script), in which cells 1–5, 7, and 8 were normalized to cell 6. Cell clustering was quantitated using Matlab as follows: cell-center coordinates determined as described above were exported to Matlab and the volume of a polygon, which contained the segmented cells, was visualized and its volume calculated using the ‘3D convex hull’ function.



Graphing and Statistics

Graphs and statistical analyses were produced by Prism5 (GraphPad) or OriginPro 2020 (OriginLab). To compare two groups a t-test was used. The data is presented as column graphs, dot plots or box plot overlaid with dot plot; in box plots the center line in the box indicates the median, the top and bottom of the box represent interquartile ranges (25 – 75%) and the total ranges are shown in whiskers (0 – 100%); the included dots represent individual data points.
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Neutrophils and macrophages are crucial effectors and modulators of repair and regeneration following myocardial infarction, but they cannot be easily observed in vivo in mammalian models. Hence many studies have utilized larval zebrafish injury models to examine neutrophils and macrophages in their tissue of interest. However, to date the migratory patterns and ontogeny of these recruited cells is unknown. In this study, we address this need by comparing our larval zebrafish model of cardiac injury to the archetypal tail fin injury model. Our in vivo imaging allowed comprehensive mapping of neutrophil and macrophage migration from primary hematopoietic sites, to the wound. Early following injury there is an acute phase of neutrophil recruitment that is followed by sustained macrophage recruitment. Both cell types are initially recruited locally and subsequently from distal sites, primarily the caudal hematopoietic tissue (CHT). Once liberated from the CHT, some neutrophils and macrophages enter circulation, but most use abluminal vascular endothelium to crawl through the larva. In both injury models the innate immune response resolves by reverse migration, with very little apoptosis or efferocytosis of neutrophils. Furthermore, our in vivo imaging led to the finding of a novel wound responsive mpeg1+ neutrophil subset, highlighting previously unrecognized heterogeneity in neutrophils. Our study provides a detailed analysis of the modes of immune cell migration in larval zebrafish, paving the way for future studies examining tissue injury and inflammation.

Keywords: zebrafish, heart, tail, injury, neutrophil, macrophage, migration, imaging


INTRODUCTION

Myocardial infarction occurs when an atherosclerotic plaque ruptures and occludes a coronary artery, resulting in myocardial cell necrosis and loss of contractile function. Immune cells are subsequently recruited to the infarct where they play important roles during the repair process (Dewald et al., 2005; Nahrendorf et al., 2007; Horckmans et al., 2016). However, if not resolved in a timely fashion, this immune response can be detrimental to repair (Dewald et al., 2005; Ma et al., 2013). Therapeutic modulation of the immune response may ameliorate adverse heart inflammation whilst retaining its benefits (Adamo et al., 2020). Such treatments have been shown to improve clinical outcomes following myocardial infarction, but at the expense of a higher risk of infection (Ridker et al., 2017; Tardif et al., 2019). This indicates a clear need to better understand the local and systemic mobilization of immune cells to cardiac injury.

The zebrafish is an invaluable animal model for the study of cardiac injury, repair and immune cell function (Lai et al., 2018). Unlike mammals, zebrafish hearts are highly regenerative, with adults able to fully regenerate up to a quarter of the myocardium in 60 days (Gonzalez-Rosa et al., 2011). Similarly, larval zebrafish are capable of complete heart regeneration within 2 days (Matrone et al., 2013, 2015). Larval zebrafish offer many unique advantages for live imaging as they are small, transparent and genetically tractable, permitting generation of transgenic lines with cell-specific fluorophores. Transgenic lines for two innate immune cells, the neutrophil and macrophage, allow the migration of both cell types to be examined following wounding (Barros-Becker et al., 2017; Rosowski, 2020). Our laboratory established a larval zebrafish model of cardiac injury that produces an accurate and reproducible laser injury at 3 days post fertilization (Matrone et al., 2013; Taylor et al., 2019). This model allows us to closely interrogate local and systemic neutrophil and macrophage responses in vivo following cardiac injury, a feat which is currently not possible in other models. Furthermore, it is not known if the immune cell migration sequence in larval zebrafish is consistent across injury models. By directly comparing the heart laser injury to that in the archetypal tail transection model, we seek to determine a conserved sequence of steps involved in immune cell migration to injury.

In this study we use our refined larval zebrafish laser injury model to examine the mobilization of neutrophils and macrophages to cardiac injury. Using a combination of imaging modalities and transgenic tools, we studied each stage of the immune response, starting with egress from hematopoietic tissue, to arrival at the injured myocardium and subsequent resolution of inflammation. We found the majority of both neutrophils and macrophages are recruited to the heart lesion locally and their numbers later resolved by reverse migration. Neutrophils and macrophages are recruited from distal sites and also mobilize into peripheral blood, using abluminal endothelial surfaces of lymphatic and blood vessels as migration highways. Finally, light sheet fluorescence microscopy (LSFM) timelapse imaging identified a novel wound-responsive neutrophil subset defined as mpx:GFP+ mpeg1:mCherry+, whose role will require further study. In addition to shedding light on previously unappreciated neutrophil heterogeneity, our work provides a multi-stage model of larval zebrafish immune cell migration following injury.



RESULTS


Heart Laser Injury Is Characterized by Localized Cardiomyocyte Cell Death

Our laboratory has previously used targeted laser ablation to injure specific regions of the 3 dpf larval zebrafish heart (Figure 1A; Matrone et al., 2013, 2014). We further optimized this approach to induce a localized injury at the ventricular apex of 3 dpf larvae (Supplementary Figure 1-supplement 1). Targeting this region increases reproducibility as it is anatomically unambiguous and minimizes the risk of heart rupture, thus avoiding the release of erythrocytes into the pericardium, which interferes with imaging. These refinements therefore provide a cardiac injury model that more closely mimics a human MI.
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FIGURE 1. Heart laser injury causes localized cardiomyocyte cell death. (A) Whole larva brightfield image of 3 dpf zebrafish with heart region indicated (black square), scale bar = 500 μm. (B) Brightfield images of a 3 dpf larval heart pre-laser injury (left) and 1-min post laser injury (right). The lesion is seen as a thickened and partially collapsed region at the ventricular apex (black arrowhead). (C) Ventricular ejection fraction before injury, and 2 hpi in injured and uninjured larvae. Error bars = SEM, n = 15–20 larvae, experimental n = 3. Unpaired t-test performed between groups where **** p < 0.0001. (D) Epifluorescence images of an uninjured and injured Tg(myl7:GFP) heart. Injury site is marked by a loss of myocardial GFP at the ventricular apex (white dashed line and arrowhead). (E) 3D LSFM image of a TUNEL stained injured Tg(myl7:h2b-GFP) heart at 2 hpi. Injury site is marked by a loss of nuclear myocardial GFP (white arrowhead) bordered by TUNEL positive cells (magenta). Image displayed as a maximum intensity projection (MIP). (F) LSFM single z-plane image of a Tg(myl7:mCherry;nfkb:GFP) ventricle at 2 and 24 hpi following heart injury. White arrowheads indicate loss of myocardial signal at 2 hpi and upregulation of nfkb:GFP in wound-bordering cardiomyocytes at 24 hpi. (G) 3D LSFM image of Tg(nfkb:GFP) ventricular expression at 24 hpi in uninjured and injured larvae (black arrowhead indicates ventricular apex injury site). Image displayed as a MIP (inverse color map). All scale bars = 50 μm unless stated otherwise. V, ventricle; A, atrium; ns, non-significant.


Immediately following laser injury, the myocardium at the apex swells and contraction diminishes (Figure 1B). Injured ventricles display a lack of contractility leading to a reduced ventricular ejection fraction compared to uninjured larvae at 2 h post injury (hpi) (Figure 1C and Supplementary Video 1). The injured region is marked by a loss of GFP signal in the cardiomyocyte reporter line Tg(myl7:GFP) (Figure 1D and Supplementary Video 1). Staining with propidium iodide (PI) shows this GFP negative region is necrosed myocardium (Supplementary Figure 1-supplement 2A). TUNEL staining of injured hearts at 2 hpi shows the GFP-negative border zone containing apoptotic cardiomyocytes (Figure 1E), which was corroborated using acridine orange staining (Supplementary Figure 1-supplement 2B). To further validate the injury response, we utilized the Tg(myl7:mCherry;nfkb:GFP) line to determine if NFkB, an important regulator of programmed cell death, is upregulated following heart injury, as reported in other animal models of MI (Tillmanns et al., 2006; Karra et al., 2015). We observed increased nfkb expression in cardiomyocytes bordering the ventricular lesion at 24 hpi (Figure 1F). This ring-like expression pattern (Figure 1G) mimicked TUNEL staining (Figure 1E), again supporting that laser-targeted cardiomyocytes undergo programmed cell death.



Neutrophils and Macrophages Are Recruited to the Cardiac Injury Site and Display Distinct Recruitment Dynamics

To characterize the recruitment of neutrophils and macrophages to the heart following laser injury we serially imaged Tg(myl7:GFP;mpx:mCherry) and Tg(myl7:GFP;mpeg1:mCherry) larvae respectively over a two-day period at 2, 6, 24, and 48 hpi using epifluorescence microscopy (Figures 2A,B). Following heart injury, neutrophil numbers on the ventricle increased from 2 hpi, peaked at 6 hpi (3.2 ± 0.4), and gradually resolved to uninjured levels at 48 hpi (0.6 ± 0.2) (Figures 2A,C). While macrophage numbers increased significantly from 6 hpi, cardiac macrophages aggregated at the lesion from 2 hpi (Figure 2B). Macrophage numbers remain elevated at 24 hpi (7.6 ± 0.7), decreasing but not returning to uninjured levels by 48 hpi (5.1 ± 0.4 vs 1.8 ± 0.3) (Figures 2B,C). Both neutrophils and macrophages localized primarily at the ventricular apex injury site (Figures 2A,B and Supplementary Video 2). We also observed neutrophils cyclically migrating around the injured heart, being propelled forwards with each cardiac contraction in real time (Supplementary Video 3).
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FIGURE 2. Neutrophils and macrophages display distinct recruitment dynamics during heart injury comparable to tail fin injury. (A) Epifluorescence heart images of uninjured and injured Tg(myl7:GFP;mpx:mCherry) larvae displaying neutrophil accumulation at 2, 6, 24 and 48 hpi, scale bar = 50 μm. (B) Epifluorescence heart images of uninjured and injured Tg(myl7:GFP;mpeg1:mCherry) larvae displaying macrophage accumulation at 2, 6, 24 and 48 hpi, scale bar = 50 μm. Arrowheads indicate ventricular apex injury site. (C) Neutrophil and macrophage numbers on the ventricle at 2, 6, 24 and 48 hpi for uninjured and injured larvae. Error bars = SEM, n = 19 larvae, experimental n = 3. (D) Epifluorescence tail images of uninjured and injured Tg(mpx:GFP;mpeg1:mCherry) larvae displaying neutrophil (green) and macrophage (magenta) accumulation at the timepoints 2, 6, 24 and 48 hpi, scale bar = 60 μm. White dashed line indicates outline of tail fin. (E) Neutrophil and macrophage numbers at the tail fin at 2, 6, 24, and 48 hpi for uninjured and injured larvae. Error bars = SEM, n = 10 larvae for uninjured groups and n = 13 for transected groups, experimental n = 3. Two-way ANOVA and Sidak post hoc test performed for immune cell comparisons between uninjured and injured groups where ** p < 0.001, **** p < 0.0001. Immune cell counts were made from the region of interest (highlighted red) in the corresponding schematics.


We contextualized the findings of our heart injury model by comparing it to the well-characterized larval tail fin transection model (Renshaw et al., 2006; Hoodless et al., 2016). Tail fins were transected at 3 dpf and immune cell recruitment quantified at the same timepoints. Similar immune cell dynamics were observed between both models, including a peak neutrophil response at 6 hpi that decreased at 24 hpi and 48 hpi, and a sustained macrophage response during 6–24 hpi, which decreased slightly by 48 hpi (Figures 2D,E). A notable difference between the two injury models was the magnitude of the immune response at 6 hpi, with a 7-fold increase in neutrophils and 2-fold increase in macrophages following tail transection. Additionally, tail inflammation resolved more slowly, with neutrophil numbers remaining relatively high at 48 hpi and macrophage numbers decreasing less steeply between 24 and 48 hpi (Figure 2E).



Heart Lesion Neutrophils and Macrophages Are Recruited From Both Local and Distal Immune Cell Reservoirs

To determine the origin of neutrophils and macrophages recruited to the heart following injury we used two photoconvertible lines Tg(mpx:gal4;UAS:kaede) and Tg(csf1r:gal4;UAS:kaede), which allow spatiotemporal labeling of individual neutrophils and macrophages respectively (Holmes et al., 2012a). By choosing to convert the kaede fluorophore in specific regions of the larva, one can deduce at later timepoints, and in other tissues, whether any immune cells have originated from the converted region. We extended this technique by ‘semi-converting’ regions such that immune cells retain a roughly 1:1 ratio of unconverted and converted kaede, thus allowing assessment of the contribution of three regions simultaneously.

We divided each larva into three anatomical zones (1) head (proximal), (2) pericardium (local) and (3) trunk (distal) which were photoconverted fully, partially or left unconverted respectively. Cells were photoconverted one hour prior to injury and then imaged at 2 hpi and again at the peak immune response at 6 hpi (Figure 3A). At 2 hpi, the majority of both neutrophils and macrophages recruited to the heart were pericardial in origin (84 ± 6.9% and 82 ± 9.8% respectively), with a very small proportion originating from the head (10 ± 5.5% and 3.3 ± 3.3%, respectively) (Figure 3B). The most distal zone (the trunk) contributed very few neutrophils at 2 hpi, however a substantial proportion of heart recruited macrophages originated from the trunk (15 ± 7.6%). Later at 6hpi, we observed an increase in the proportion of trunk-derived neutrophils and macrophages (33 ± 7.7% and 29 ± 9.5%, respectively). Indeed, the absolute number of pericardium-derived immune cells did not increase at 6 hpi, and the overall increase in numbers for each cell type was largely due to the arrival of trunk-derived immune cells (Supplementary Figure 3-supplement 1A). Finally, whilst the proportion of neutrophils originating from the head remained low at 6 hpi, a substantial proportion of the peak macrophage response was head-derived (23 ± 9.9%, Figure 3B).


[image: image]

FIGURE 3. Heart injury recruits local immune cells from the pericardium and head but also cells from distal immune reservoirs. (A) Outline of experimental timeline to trace recruited immune cell tissue-origins. Whole body image of a Tg(mpx:gal4;UAS:kaede) larva where green cells, unconverted kaede; white cells (magenta and green), semi-converted kaede; and magenta cells, fully converted kaede. The larva is partitioned into three conversion areas marked by the cyan dotted line. Photoconversion of each area was achieved using a mercury lamp. Selected regions (boxes) within the three conversion areas are magnified in the lower panels along with the light exposure time for each level of conversion. White arrowheads, cells from each photoconverted region. Pigment in the eye and peripheries of the trunk autofluorescence magenta but are distinguishable from photoconverted cells because they are immobile. Upper panel scale bar = 200 μm and lower panel scale bar = 100 μm. (B) Percentage tissue origin of neutrophils and macrophages recruited to the injured ventricle at 2 and 6 hpi. Error bars = SEM, n = 11–21 larvae, experimental n = 3. (C) Outline of experimental timeline to trace immune cell reverse migration dispersal following heart injury. Whole body image of pericardially photoconverted Tg(mpx:gal4;UAS:kaede) (top panel) and Tg(csf1r:gal4;UAS:kaede) (bottom panel). Examples of converted cells (white arrow heads) are shown in magnified panels (cyan). Unconverted kaede (green), converted kaede (magenta), arrowheads, examples of converted cells, scale bar = 200 μm. (D) Heatmap of a 24 hpi larvae summarizing the dispersal of photoconversion-tracked neutrophils (top panel) and macrophages (bottom panel) following heart injury. Individual zone size = 31000 μm2 and mean cell count normalized per zone, n = 17. (E) Epifluorescence images overlaid on a brightfield image showing neutrophil and macrophage numbers following laser heart injury in Tg(mpx:GFP;mpeg1:mCherry) larvae treated with Cxcr1/2 antagonist SB225002 (5 μM) or DMSO (0.1%) vehicle. Arrowheads, ventricular apex injury site. Scale bar = 100 μm. (F) Neutrophil numbers on the ventricle following laser injury in Tg(mpx:GFP;mpeg1:mCherry) larvae treated with Cxcr1/2 antagonist SB225002 (5 μM) or DMSO (0.1%) vehicle. (G) Macrophage numbers on the ventricle following laser injury in Tg(mpx:GFP;mpeg1:mCherry) larvae treated with Cxcr1/2 antagonist SB225002 (5 μM) or DMSO (0.1%) vehicle. Two-way ANOVA and Tukey post hoc test performed for immune cell comparisons between injured SB225002-treated and injured DMSO vehicle-treated larvae where ** p < 0.01 and **** p < 0.0001. Error bars = SEM, n = 17 larvae, experimental n = 3.




Heart Lesion Neutrophils and Macrophages Resolve by Local Dispersal

Wounding studies in larval zebrafish have previously shown that neutrophils primarily undergo reverse migration to resolve their numbers (Mathias et al., 2006; Holmes et al., 2012a,b; Ellett et al., 2015). To test the hypothesis that reverse migration contributes to resolution of immune cell numbers following heart injury, we again utilized photoconvertible lines Tg(mpx:gal4;UAS:kaede) and Tg(csf1r:gal4;UAS:kaede). In this experiment, immune cells in the pericardial region were photoconverted at the peak response at 6 hpi. Larvae were subsequently re-imaged at 24 hpi to assess the location of any neutrophils or macrophages that may have reverse migrated from the injury (Figure 3C). Summarized by the heatmaps in Figure 3D, neutrophils can be seen to disperse in a posterior and dorsal direction away from the injury. In contrast, macrophages appear to disperse more evenly in all directions. Interestingly, neither cell type moves more than approximately 300 μm from the pericardial region despite our previous analysis demonstrating they can migrate much greater distances over a shorter timeframe during recruitment (Figure 3B). Notably, neither cell type reverse-migrates to any particular organ. Following tail resection, LSFM timelapse imaging suggests that a small number of neutrophils and macrophages undergo cell death at the wound (n = 6 timelapses up to 24 hpi) (Supplementary Videos 4, 5). However, only immune cell reverse migration was observed following heart injury (n = 12 timelapses up to 24 hpi).



Cxcr1/2 Is Required for Neutrophil Migration to the Lasered Heart

Following the discovery that both neutrophils and macrophages attend the heart lesion from local and distal sites, we posited that there are chemokine attractants coordinating this response. The best characterized of these chemokines in zebrafish is the Cxcl8-Cxcr1/2 axis, which is required for neutrophil mobility (Deng et al., 2013; Powell et al., 2017; Zuñiga-Traslaviña et al., 2017). We first validated a well-characterized Cxcr1/2 antagonist SB225002 following tail transection and confirmed that it decreased the peak neutrophil response but did not affect macrophage recruitment (Supplementary Figures 3-supplement 1C,D). To determine if Cxcr1/2 is involved in neutrophil or macrophage recruitment to the heart, we performed the same experiment in our heart injury model. The Cxcr1/2 antagonist decreased both neutrophil and macrophage presence at the heart lesion (Figure 3E). The neutrophil response to injury appeared entirely abolished (Figure 3F). Interestingly, macrophage dynamics were unaffected by the drug up until 6 hpi, but significantly decreased at 24 hpi and 48 hpi (Figure 3G). These later timepoints are when macrophages recruited from distal sites would normally reach the heart (Figure 3B), suggesting these immune cells are migrating to the injury site via the action of chemokine attractants.



Macrophages and Neutrophils Are Mobilized From the Caudal Hematopoietic Tissue Following Heart and Tail Fin Injury

Having established that a significant proportion of late-recruited immune cells are from the distal trunk region, we next tested if heart injury was able to mobilize the cells specifically from the caudal hematopoietic tissue (CHT). The CHT is the predominant source of immune cells in the trunk and is known to contribute to wound neutrophil numbers following tail fin injury (Yoo and Huttenlocher, 2011).

First, we sought to verify whether the tail fin injury, which recruits many more immune cells than our heart injury, was capable of inducing CHT emptying of immune cells. Comparison of the CHT in uninjured controls and tail transected Tg(mpx:GFP;mpeg1:mCherry) larvae highlighted a reduction in the number of macrophages and neutrophils following injury (Figure 4A). The CHT depleted of neutrophils from 6–24 hpi, replenishing by 48 hpi. Macrophage CHT depletion was detected at 24 hpi and did not recover by 48 hpi (Figure 4C). Unlike tail injury, heart injury did not appear to stimulate a detectable decrease in the presence of CHT neutrophils (Figures 4B,D). However, heart injury caused a decrease in macrophage CHT presence at 24 and 48 hpi (Figures 4B,D), suggesting that macrophages migrate out of the CHT following heart injury.
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FIGURE 4. Macrophages are mobilized from the CHT and neutrophils are mobilized into peripheral blood following tail and heart injury. (A,B) Epifluorescence images of Tg(mpx:GFP;mpeg1:mCherry) larval caudal hematopoietic tissue (CHT) at 24 hpi (macrophages, magenta and neutrophils, green) following tail transection (A) and laser heart injury (B). White boxes, area of quantification. Scale bar = 200 μm. (C,D) Total CHT neutrophil and macrophage cell area based on normalized fluorescence using Tg(mpx:GFP;mpeg1:mCherry) larvae, n = 19 larvae, experimental n = 3. Values at each timepoint, cell type (neutrophil and macrophage) and injury model (heart laser and tail transection) are indicated. (E) Numbers of neutrophils and macrophages in the circulatory system following tail transection, n = 16 larvae, experimental n = 3. (F) Numbers of neutrophils and macrophages in the circulatory system following heart laser injury, n = 16 larvae, experimental n = 3. For all graphs, error bars, SEM and comparisons between uninjured, transected or laser injured groups was performed by Two-way ANOVA followed by Sidaks multiple comparison test where * p < 0.05.




Neutrophils Are Mobilized Into Peripheral Blood Following Heart and Tail Fin Injury

In response to cardiac and skin wounds, mammalian neutrophils and monocytes mobilize into the circulatory system in order to rapidly arrive at the site of injury (Anderson and Anderson, 1976). We tested if immune cells circulate in peripheral blood following heart injury, as this has been observed following tail transection (Zuñiga-Traslaviña et al., 2017).

Live epifluorescence imaging allowed us to easily observe and quantify the number of circulating neutrophils and macrophages following either tail or heart injury using the Tg(mpx:GFP;mpeg1:mCherry) line. Whilst there were almost no circulating macrophages or neutrophils during uninjured conditions, an increased number of both cell types were detected in circulation following tail transection at 6 hpi (4.3 ± 0.9 and 11.4 ± 2.7, respectively) (Figure 4E). Neutrophils were detected in the blood at 2 and 6 hpi whilst macrophages were only detected at 6 hpi. Similarly, we detected a number of neutrophils in the circulation of heart injured larvae, albeit fewer than in tail transected larvae (3.3 ± 0.9 vs 11.4 ± 2.7) (Figure 4F). In both injury models we observed trans-endothelial migration of neutrophils from the CHT into the cardinal vein, where they became spherical and began to roll or flow freely in the blood stream (Supplementary Video 6). We also observed rolling and egress of macrophages from the CHT following tail transection (Supplementary Video 7). Although we measured a reduction in CHT macrophages following heart injury, and acquired images of macrophages exiting the CHT into the cardinal vein (CV), there was not a statistically significant increase in circulatory macrophages at any time point (Figure 4F).



Neutrophils and Macrophages Use Vessels as Routes to Tail and Heart Injuries

Having shown that increased macrophage numbers at the heart lesion from 6 hpi were not accompanied by increased circulating macrophages, we next sought to determine if there were other routes and modes of immune cell migration from distal tissues.

Likely candidates were lymphatic vessels and peri-vascular surfaces, as these are known to be rich in adherent proteins and represent a ready-made transport network through the trunk musculature of the larva (von Andrian et al., 1993). To image both vascular and lymphatic networks in the same larva, we crossed two endothelial reporter lines to give Tg(fli1:eGFP;kdrl:mCherry) and injected high molecular weight blue fluorescent dextran to visualize any unmarked vessels and fluid spaces (Figure 5A). The vessels, known to run anteriorly posteriorly and ventrally dorsally, were indeed marked by all three of these labels. The anterior-posterior orientated vessels are the dorsal lateral anastomotic vessel (DLAV), dorsal aorta (DA) and CV, whilst the only ventro-dorsal vessels are the intersegmental vessels (ISV) that pattern the length of the larva (Isogai et al., 2001). Additionally, there are parachordal lymphatics (PCL) positioned parallel to the larval notochord (Figure 5A), as reported previously (Jung et al., 2017).
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FIGURE 5. Neutrophils and macrophages utilize blood and lymphatic vessel surfaces for migration following injury. (A) Epifluorescence image of a 3dpf Tg(kdrl:mCherry;fli1:eGFP) whole larva injected with blue fluorescent 500 kDa dextran highlighting the entire cardiovascular network. Cyan box, region used for quantification for (D), which is magnified in the right panel. White dashed box = region used for quantification for (E). The right panel (A magnified) is annotated with vessels monitored for subsequent route use analysis. Left panel scale bar = 500 μm and the right panel scale bar = 100 μm. (B) Epifluorescence images of the peri-cloaca trunk region of Tg(mpx:GFP;mpeg1:mCherry) larvae at 3 hpi in uninjured, tail transected and heart lasered larvae. Neutrophils, green and macrophages, magenta. White bracket indicates a partially emptied CHT and white arrowheads CHT-liberated neutrophils and macrophages. Scale bar = 100 μm. (C) Epifluorescence images superimposed over 4–8 hpi to generate neutrophil (green) and macrophage (magenta) pseudotracks in whole Tg(mpx:GFP;mpeg1:mCherry) uninjured, tail transected and heart lasered larvae. White arrowheads highlight representative macrophage tracks, white arrows highlight representative neutrophil tracks and the white bracket highlights a region of neutrophil ventro-dorsal migration. Scale bar = 500 μm. (D,E) Incidence of vessel use by neutrophils or macrophages in larvae between 1–12 hpi following tail transection (D) or laser heart injury (E). Injured groups were compared to uninjured groups using multiple t-tests with subsequent FDR correction using two stage step-up of Benjamini, Kreiger and Yekutieli, where *p < 0.05, **p < 0.01, and *** p < 0.001, n = 10 larvae analyzed per group. (F) Epifluorescence image sequence from heart lasered larvae showing a neutrophil migrating along the PCL (top) and a macrophage migrating up an ISV (bottom). Hours post injury as indicated. Scale bar = 100 μm. Neutrophil and macrophage speed (G) and meandering index (H) across the trunk 1.5–8 hpi in tail transected, heart lasered or uninjured larvae. Comparisons between groups were carried out using one-way ANOVA followed by Sidak-Holm multiple comparison test where * p < 0.05, ** p < 0.01 and **** p < 0.0001, n = 10 larvae analyzed per group. Error bars for all graphs, SEM; Ns, non-significant; DLAV, dorsal lateral anastomotic vessel; PCL, parachordal lymphatic; DA, dorsal aorta; ISV, intersegmental vessels; and CV, cardinal vein.


We injected high molecular weight dextran into Tg(mpx:GFP;mpeg1:mCherry) larvae to visualize all vessels and performed whole larva epifluorescence timelapse imaging. This facilitated simultaneous observation of all neutrophils and macrophages and directly confirmed their migration patterns through the trunk musculature for both injury models (Supplementary Video 8). In steady state, neutrophil presence outside the CHT was rarely observed and only macrophages were seen patrolling the musculature (Figure 5B). Temporal maximum intensity projections derived from superimposed epifluorescence images in uninjured larvae show neutrophils and macrophages largely restricted to the CHT and head regions (Figure 5C).

Tail fin transection resulted in marked mobilization of macrophages and neutrophils from the CHT (Figure 5C). While the CHT of uninjured larvae appears as an intense white region of macrophage and neutrophil co-localization, transected larvae have neutrophils liberated dorsally and ventrally and migrating toward the tail transection. Quantification of vessel usage show that both cell types predominantly use the CV for migration in both uninjured and tail transection settings (Figure 5D and Supplementary Figure 5-supplement 1B). Neutrophils increase their use of PCL and the DA following injury to reach the tail wound. In contrast, macrophages take a more dorsal route, increasing their use of the PCL and the DLAV (Figures 5C,D and Supplementary Video 8).

Following heart injury, we observed more anterior-directed immune cell migration than in tail transected larvae (Figure 5C). In contrast to tail transection, macrophages begin to increase their use of the CV, taking a ventral route to the heart, occasionally using other vessels and the yolk sac (Figures 5C,E). Interestingly, neutrophils did not significantly increase their use of anterior-posterior oriented vessels in our quantification area (Figure 5E and Supplementary Figure 5-supplement 1B). Analysis of pseudotracks revealed this is because, following egress from the anterior pole of the CHT, neutrophils move dorsally via ISVs. It is only after that we observed neutrophils moving anteriorly via the DLAV and then through the perinephric region to the heart (Figure 5C and Supplementary Video 8). Close inspection of timelapses revealed that both macrophages and neutrophils migrate along the abluminal surface of vessels rather than inside them (Figure 5F).

In addition to vessel usage, we tested if other aspects of immune cell motility changed following injury, namely meandering and speed. Although macrophage speed only increased after tail transection, neutrophils significantly increase their speed following tail transection and to a lesser extent following heart injury (Figure 5G and Supplementary Figure 5-supplement 1A). Meandering index (MI) was unchanged for both cell types and in both injury settings (Figure 5H), indicating the increase in neutrophil speed is not an artifact of directionality. Taken together our data confirm that immune cells indeed use vessels as routes of migration and that there are unique patterns of use for each cell type and injury setting.



Neutrophils and Macrophages Migrate Onto the Heart via the Pericardium and Adopt Specific Migratory Behaviors Once at the Injury Site

Having shown that most neutrophils and macrophages are recruited to the heart locally (Figures 3A,B), we next wanted to identify how these cells migrate to the ventricle at a local scale. We used our optical gating system coupled with LSFM to acquire computationally frozen high-resolution 3D images of the beating heart (Taylor et al., 2011, 2012, 2019). We injected Tg(kdrl:mCherry) larvae intravenously with fluorescent dextran and applied our heartbeat-synchronized imaging to search for existing lymphatic or coronary vessels that could play a role in guiding immune cells to the injury site. We did not find the heart to have any supporting lymphatics or coronary vessels, only a thin layer of endocardium (Figures 6A,B). We next utilized the pan-chromatin Tg(h2a:GFP) line which labels all nuclei to visualize the whole pericardium. Analysis of 3D fluorescence image stacks by surface rendering confirmed no other cellular structures or routes between the pericardium and heart (Figure 6C).
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FIGURE 6. Neutrophils and macrophages migrate onto the ventricle via the pericardium and adopt specific migratory behaviors once on the ventricle following injury. (A) Epifluorescence image of Tg(kdrl:mCherry) larva injected with blue fluorescent 500 kDa dextran (colored green) to analyze the surrounding pericardium for vasculature (white box). Scale bar = 500 μm (top). Magnified epifluorescence image of the surrounding pericardium where white box indicates the nearby heart region (lower left). Magnified 3D LSFM image displaying the hearts vasculature (magenta) containing fluorescent dextran (green) (lower right). (B) LSFM z-plane of Tg(myl7:GFP;kdrl:mCherry) larva displaying the hearts myocardium and endothelium. (C) Surface rendered LSFM z-stack of Tg(h2a:GFP;kdrl:mCherry) larva displaying the hearts vasculature and surrounding pericardium. (D) LSFM fluorescence z-stack differentially color-labeled (left) and surface rendered z-stack (middle and right) of Tg(kdrl:mCherry;mpeg1:mCherry;mpx:GFP;h2a:GFP) larva displaying the heart vasculature (blue or red), pericardium (gray or multi-colored), neutrophils (green) and macrophages (magenta) at 9.5 hpi. Magnified view of neutrophil (right top) and macrophage (right bottom) tracks onto the ventricle. Green and magenta arrowheads indicate neutrophils and macrophages tracked to the ventricle respectively for 30 min from 9.5 hpi. (E) LSFM image (left) and surface render (right) of a Tg(myl7:GFP;mpx:mCherry) injured heart and recruited neutrophils at 6 hpi. (F) LSFM image (left) and surface render (right) of a Tg(myl7:GFP;mpeg1:mCherry) injured heart and recruited macrophages at 6 hpi. White arrowheads indicate recruited immune cells on the lesioned myocardium. (G) Ventricular recruited neutrophil and macrophage speed (top) and meandering index (distance traveled/displacement) (bottom) in heart lasered and uninjured larvae. Average cell behaviors are plotted per larva, n = 5 cells tracked per larva and n = 6 larvae per group. Error bars, SEM. One-way ANOVA and Tukey post hoc test performed for comparisons between mean behavioral values for each larva where ** p < 0.01, *** p < 0.001, and ****p < 0.0001. (H) LSFM image of a Tg(mpx:GFP;mpeg1:mCherry) injured ventricle displaying neutrophils and macrophages at 10 hpi. Arrow indicates a neutrophil and macrophage near the wound (top). LSFM z-plane image of the indicated neutrophil and macrophage. Arrow indicated at the same position (bottom). (I) LSFM image of a Tg(mpx:GFP;mpeg1:mCherry) injured ventricle displaying neutrophils and macrophages at 18 hpi. Arrow indicates a cell co-expressing mpx:GFP and mpeg:mCherry on the wounded ventricle (top and bottom). Arrowheads indicate the injury site. Outline of ventricle is indicated with a dashed line. All fluorescence images were acquired in 3D using LSFM and displayed as MIPs unless stated otherwise. All scale bar = 50 μm, unless stated otherwise. Ba, bulbus arteriosus; Aa, aortic arches; V, ventricle; A, atrium; Vc, venous cavernous.


We next performed heartbeat-synchronized imaging in injured Tg(kdrl:mCherry;mpeg1:mCherry;mpx:GFP;h2a:GFP) larvae, allowing neutrophil and macrophage chemotaxis to be tracked in 3D over several hours (Taylor et al., 2019). Timelapse imaging revealed that both cell types patrol the pericardium, with the majority of tracks concentrated around the bulbous arteriosus (Figure 6D and Supplementary Video 9). Tracking analysis also revealed that neutrophils and macrophages migrate to the injury site via adjacent points on the pericardial wall, typically on the ventricular side (Figure 6D and Supplementary Video 9).

To improve our understanding of neutrophil and macrophage behavior specifically at the heart lesion, we acquired 3D timelapse videos of Tg(myl7:GFP;mpx:mCherry) (Figure 6E) and Tg(myl7:GFP;mpeg1:mCherry) (Figure 6F) larvae up to 24 hpi. These timelapse videos demonstrated neutrophil wound swarming and macrophage accumulation at the wound, followed by reverse migration of both cell types (Supplementary Videos 10, 11). Quantification of individual cell behavior revealed that neutrophils migrated faster on the ventricle compared to macrophages following injury (4.3 ± 0.2 μm/min vs 2.1 ± 0.2 μm/min) and in uninjured larvae (4.1 ± 0.3 μm/min vs 2.4 ± 0.2 μm/min) (Figure 6G). However, neutrophil and macrophage speed following injury was no different to uninjured larvae (Figure 6G). Both neutrophils and macrophages reside on the ventricle for significantly longer periods of time following injury (Supplementary Figure 6-supplement 1). The duration of individual macrophage residency on the ventricle is 3-fold higher than neutrophils following injury (545 ± 28 min vs 178 ± 37 min) (Supplementary Figure 6-supplement 1). The speed and duration in part explain the turnover of immune cells on the ventricle and therefore contribute to the overall recruitment dynamics following injury (Figure 2). Furthermore, neutrophils and macrophages recruited to the ventricle displayed greater meandering behavior following injury compared to uninjured larvae (0.48 ± 0.03 MI vs 0.71 ± 0.04 MI and 0.11 ± 0.003 MI vs 0.26 ± 0.04 MI). Additionally, macrophages were more meandering than neutrophils following injury (0.11 ± 0.003 MI vs 0.48 ± 0.03 MI) (Figure 6G). Taken together, these data demonstrate that both immune cells have distinct behavioral characteristics which become altered following heart injury.



Heartbeat-Synchronized LSFM Imaging of Neutrophils and Macrophages Following Injury Reveals an mpx:GFP+ mpeg1:mCherry+ Cell Population

We next tested if there were neutrophil-macrophage interactions on the heart following injury, such as macrophage efferocytosis of neutrophils as previously observed in other injury models (Meszaros et al., 1999; Ellett et al., 2011). LSFM timelapse experiments (n = 6 up to 24 hpi) using Tg(mpx:GFP;mpeg1:mCherry) larvae did not show any notable neutrophil-macrophage interactions on the heart (Figure 6H and Supplementary Video 12). Interestingly, we identified immune cells that were co-expressing the transgenes mpx:GFP and mpeg1:mCherry (Figure 6I). This observation prompted us to investigate these co-positive cells further as neutrophils are generally thought to be a homogenous cell type.



mpx:GFP+ mpeg1:mCherry+ Cells Are Neutrophils and Not Macrophages

We observed cells expressing both mpx:GFP and mpeg1:mCherry at and around the injured heart using both LSFM timelapse and epifluorescence microscopy (Figure 7A). This subset of cells represents 2.3 ± 1.0% of mpx:GFP+ or mpeg1:mCherry+ cells on the injured ventricle (Figure 7B). Co-positive cells are observed more frequently at tail transection wounds (Figure 7C and Supplementary Figure 7-supplement 1A), where they make up a much higher proportion of cells 14.4 ± 2.2% (Figure 7D). Hence, herein we chose the tail transection model to characterize the nature of these cells.
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FIGURE 7. Immune cells co-positive for mpeg1 and mpx expression are neutrophils not macrophages. (A) Epifluorescence timelapse still overlaid on a brightfield image displaying a heart lasered Tg(mpx:GFP;mpeg1:mCherry) larva at 6 hpi with neutrophils (green), macrophages (magenta) and co-positive cells (white). White dotted line, pericardial region; cyan square, magnified region; small arrowheads, co-positive cells; and the large arrowhead, injury site. Scale bar = 100 μm. (B) Percentage of mpeg1:mCherry+ mpx:GFP-, mpeg1:mCherry+ mpx:GFP+ and mpeg1:mCherry-mpx:GFP+ cell populations on the injured ventricle at 6 hpi, n = 31 larvae, experimental n = 3. (C) LSFM 3D images of a transected tail fin at 6 hpi from a Tg(mpx:GFP;mpeg1:mCherry) larva displayed as a MIP (left) and surface render (right) where mpx:GFP signal is colored green and mpeg1:mCherry signal in magenta. Arrowheads, co-positive cells; dashed line, wound edge; and white boxes, magnified panels. Scale bar = 50 μm for main panel and 20 μm for the magnified panel. (D) Percentage of mpeg1:mCherry+ mpx: GFP-, mpeg1:mCherry+ mpx:GFP+ and mpeg1:mCherry-mpx:GFP+ cell populations at the tail wound of Tg(mpx:GFP;mpeg1:mCherry) and Tg(mpx:mCherry;mpeg1:GFP) larvae at 6 hpi, n = 24 larvae, experimental n = 3. (E) Epifluorescence image of a transected tail fin at 6 hpi from a Tg(mpx:GFP;csf1r:gal4;UAS:mCherry-NTR) [abbreviated to Tg(mpx:GFP;csf1r:mCherry)] larva, showing a lack of co-expressing cells. Scale bar = 100 μm. (F) Number of csf1r:NTR-mCherry+ mpx: GFP-, csf1r:NTR-mCherry-mpx:GFP+ and csf1r:NTR-mCherry+ mpx:GFP+ cells at the tail transection wound at 2, 6, 24, and 48 hpi, n = 16 larvae, experimental n = 3. (G) Number of mpx:GFP+ mpeg1:mCherry+ co-positive cells at the tail transection wound at 6 hpi following treatment with Cxcr1/2 antagonist SB225002 (5 μM) or DMSO (0.1%) vehicle, n = 17 larvae, experimental n = 3. Comparison between treatments was conducted using a t-test where ** p < 0.01. (H) Graphs comparing macrophages, neutrophils and co-positive cells on the basis of meandering index, sphericity, speed and volume derived from 3D analysis of LSFM timelapses from transected Tg(mpx:GFP;mpeg1:mCherry) tail fins between 1–2 hpi. Comparisons between cell types was performed by One-way ANOVA followed by a post hoc two-stage step-up method of Benjamini, Krieger and Yekutieli FDR correction, n = 6 larvae analyzed per group where * p < 0.05, ns, non-significant. Error bars, SEM for all graphs.


An important question is whether these cells are neutrophils or macrophages We first found indirect evidence that co-positive cells might be neutrophils through comparison with a similar reporter line with different versions of the same transgene Tg(mpx:mCherry;mpeg1:GFP). Using this combination of transgenes, we observed very low numbers of wound-associated co-positive cells (1.9 ± 1.6%) (Figure 7D). Comparisons of the proportions of each cell type between these transgenic lines showed that whilst macrophage proportions were very similar between lines, the co-positive cell population observed in Tg(mpx:GFP;mpeg1:mcherry) arises at the expense of its neutrophil population. Likewise, it follows that some mpeg1-mpx+ cells observed in Tg(mpx:mCherry;mpeg1:GFP), might be this same population of co-positive cells, albeit unmarked in this line.

Next, we assessed if co-positive cells were csf1r+, a gene not expressed in neutrophils and required for macrophage development (Sweet and Hume, 2003; Chitu and Stanley, 2006). Using Tg(csf1r:gal4;UAS:mCherry-NTR;mpx:GFP) larvae, we showed no co-expression of mpx:GFP and csf1r:mCherry-NTR in recruited cells following tail transection (Figures 7E,F). We can therefore deduce that co-positive cells also do not express csf1r, again suggesting that co-positive cells are more neutrophil-like in their fluorophore markers. Finally, we utilized our finding that the pharmacological Cxcr1/2 antagonist (SB225002) inhibits the recruitment of neutrophils but not macrophages following tail transection specifically (Supplementary Figures 3-supplement 1C,D). We reasoned that if co-positive cells were neutrophils then SB225002 should decrease their number at the wound but not if they are macrophages. Tail transected larvae treated with SB225002 did indeed exhibit decreased numbers of co-positive recruited cells at the wound, again suggesting that the co-positive cells are likely neutrophils (Figure 7G and Supplementary Figure 7-supplement 1B).



Co-positive Immune Cells Represent a Neutrophil Subset

In order to be confident that co-positive cells represent a subset of neutrophils, we excluded the most likely alternative explanations of their mpx:GFP+ mpeg1:mCherry+ expression. One such explanation is that co-positive cells represent neutrophils that have ingested mpeg1:mCherry+ macrophage cellular material. However, analysis of LSFM-acquired images at subcellular resolution refuted this hypothesis. We found co-positive cells to have a uniform intensity distribution of both fluorophores throughout the cytosol and found no phagosomes, suggesting endogenous expression (Supplementary Figure 7-supplement 1C). Next we tested if co-positive cells could represent activated or else developmentally immature neutrophils. Scans of different regions of 3 dpf larvae found these cells in non-hematopoietic tissues such as the perinephric region and brain in addition to the CHT (Supplementary Figure 7-supplement 1D). Furthermore, flow cytometry analysis of mpx:GFP+ and mpeg1:mCherry+ positive cells isolated from transected tailfins demonstrated that both mpx:GFP+ mpeg1:mCherry- and co-positive neutrophils degranulate following injury as evidenced by a trend for their side scatter to decrease (Supplementary Figure 7-supplement 2C). Taken together with the fact that co-positive cells attend wounds, it seems unlikely these cells are immature neutrophils. Furthermore, careful analysis of LSFM timelapse videos showed no instances of mpx:GFP+ mpeg1:mCherry- neutrophils transitioning to co-positive cells (Supplementary Video 13), nor was there any difference in forward scatter between cell types (Supplementary Figure 7-supplement 2B), suggesting that one is not simply an activated form of the other.

Having excluded likely alternative explanations, we proceeded to investigate differences in phenotype between single-positive neutrophils, macrophages and co-positive cells, and whether they might have a specialized role during inflammation. Our flow cytometry analysis did not show any difference in size (FSC) or granularity (SSC) between single-positive or co-positive neutrophils in steady state or injury setting (Supplementary Figures 7-supplement 2A–C). Hence, we took advantage of our unique ability to analyze the behavior of cells in vivo to assess if there were obvious behavioral or physical differences between single positive neutrophils, macrophages and co-positive cells. By tracking all three cell types in 3D timelapse to the transected tail fin, we were able to precisely measure speed, sphericity, meandering index and volume (Supplementary Figures 7-supplement 3A–D). No differences were found between co-positive cells and single-positive neutrophils for any of the measures (Figure 7H). However, several differences between macrophages and the other two cell types were found, again indicating that co-positive cells are neutrophils and not macrophages. Specifically, macrophages were found to be more meandering, less spherical, slower and tended to be larger than the other two cell types (Figure 7H). Though our data does not show any obvious structural or behavioral differences between single-positive and co-positive neutrophils, their unique molecular signature and presence at the wound indicate that they are playing a role in wound healing that is yet to be elucidated.



DISCUSSION

In this study, we provide a novel and in-depth characterization of innate immune cell migration in response to larval zebrafish heart injury. By simultaneously assessing multiple aspects of immune cell mobilization and comparing findings between tail transection and laser heart injury models, we have determined a potentially unifying multi-stage model of the wound immune response in zebrafish larvae (Figure 8).
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FIGURE 8. Summary of the larval zebrafish immune response to heart injury. Following laser heart injury in the early phase (0–2 hpi), immune cells resident to nearby pericardial tissues are recruited to the ventricle. At the same time, distal neutrophils and macrophages begin to egress from the CHT into the vascular system. Distal macrophages and neutrophils subsequently utilize blood and lymphatic vessels to migrate to the injured heart, joining locally recruited immune cells during the peak phase (6–24 hpi). The majority of these cells actively crawl along the abluminal surface of vessels, but some also roll and flow along the inside of vessels. The resolution phase is characterized by reverse migration of immune cells to adjacent tissues (> 6 hpi). Created with Biorender.com.


We suggest that, as in mammalian tissue injury, there is an initial, early peak of neutrophil recruitment followed by a slower accumulation of macrophages. This is consistent with the adult zebrafish tail transection model (Petrie et al., 2014) and has also been observed in many others including larval spinal cord (Tsarouchas et al., 2018), larval trunk vasculature (Gurevich et al., 2018) and adult zebrafish heart injury (Bevan et al., 2019). Interestingly, the relative amplitude of the neutrophil and macrophage response differs between models, as does the duration of response. Whilst the duration can likely be attributed to injury size (Figure 2), previous studies and our own preliminary data (unpublished) suggests the magnitude of the neutrophil response is at least in part dependent on sterility of the wound (Miskolci et al., 2019). This likely explains the limited neutrophil response in our laser injury model, which is largely sterile in comparison with the more external tail transection. This is an important consideration for groups attempting to model sterile injury using invasive procedures (Tsarouchas et al., 2018).

Our data show that, following laser heart injury, the initial response is dominated by neutrophils and macrophages recruited locally from the pericardial region. This contrasts with the later response where these locally recruited cells are joined by neutrophils and macrophages from more distal sites in the trunk and, in the case of macrophages, from the head. It is possible a fraction of macrophages migrating from the head to the heart injury are microglia as is the case in larval spinal cord injury, albeit a neural tissue (Tsarouchas et al., 2018). Similar examples of long-range migration have been reported in tail transection studies, where some cells are known to originate from the CHT (Yoo and Huttenlocher, 2011). However, our study is the first to comprehensively determine the ontogeny of recruited larval immune cells, which is widely appreciated to influence repair and regeneration in other models (Ginhoux et al., 2016).

The method of inflammation resolution in the regenerative larva is highly relevant to understanding conditions permissive to tissue regeneration. In our heart injury model, we found no evidence of neutrophil cell death in live imaging, despite ourselves and others reporting this occasionally occurring following tail transection (Supplementary Video 4 and Loynes et al., 2010; Hoodless et al., 2016). Our study suggests that the primary mode of resolution for both cell types in both injury models is reverse migration, previously only reported for neutrophils (Mathias et al., 2006). Following heart injury, neutrophils and macrophages dispersed randomly rather than gravitating to particular tissues. This finding is in agreement with others who have used mathematical models to demonstrate that random diffusion best describes neutrophil reverse migration (Holmes et al., 2012a,b).

In addition to determining the origin of recruited innate immune cells, we wanted to define their route of migration through the larvae. Mammals have circulating neutrophils and monocytes, supplied by the bone marrow, which can rapidly extravasate into injured tissues (Anderson and Anderson, 1976). Similarly, adult zebrafish have circulating hematopoietic lineage cells, albeit in low numbers and of kidney marrow origin (Willett et al., 1999). Our analysis of larvae in steady state confirmed that larvae usually have no circulating neutrophils or monocytes. However, we saw that in both injury models, neutrophils were indeed mobilized into the blood, but macrophages only did so following tail transection. We suspect that this difference in detection might reflect a difference in the magnitude of inflammatory response between the two injuries, as there were few circulating macrophages even in the larger response of the tail transection. Our timelapse videos of tissue macrophages entering the blood from the CHT demonstrates that it does occur, if rarely, and that perivascular crawling is the more common method of migration.

Notably, for all analyses comparing the two injury models, the laser heart injury seemed to be a milder version of the tail transection, possibly a direct consequence of injury size or increased bacterial load at the tail wound. For example, in addition to the number of neutrophils at the heart lesion being lower than that at the tail wound, fewer neutrophils are seen in circulation and no appreciable drop in CHT numbers was detectable. Nevertheless, our whole larva live imaging does suggest that the CHT is indeed the source of neutrophils suggesting that too few leave the CHT to cause a detectable reduction.

We hypothesized that neutrophils and macrophages might use additional routes and modes of migration to wounds other than circulating peripheral blood, and so performed whole larvae timelapse imaging. Our timelapse videos revealed that the majority of immune cells crawl along the outside of vessels. Interestingly, all vessel types were utilized, even developing lymphatics which were not yet fully patent. This live imaging directly confirmed the CHT as a major source of mobilized neutrophils and macrophages in both laser heart injury and tail transection. Others have reported the use of blood vessels (Manley et al., 2020), however our timelapse videos show this to be the primary mode of migration. We speculate that the immune adherence proteins found on endothelium might make these routes more tractable to migrating neutrophils and macrophages (von Andrian et al., 1993). Indeed, this could be an important mode of migration in larger adult wounds whose local scale is similar to that of a whole larva. Immune cells are often found adjacent to blood vessels in skin wounds, and assumed to be extravasating, but this could instead represent local migration. Additionally, we confirmed neutrophil migration to heart injury is Cxcr1/2 dependent and showed for the first time that recruitment of distal macrophages could also be Cxcr1/2 dependent. Interestingly a recent RNAseq analysis of larval zebrafish macrophages and neutrophils found Cxcr1 to only be expressed in the latter and Cxcr2 in neither (Rougeot et al., 2019). Thus suggesting that the decrease in macrophage numbers is likely an indirect, effect perhaps related to the reduced neutrophil presence at the lesion. We speculate that this may not have been observed in tail transection studies as this larger, non-sterile wound may have a greater array of compensatory chemoattractant signals than our sterile heart laser injury lesion. Antagonism of established chemokine axes such as CCL8-CXCR1/2 modulates local immune cell trafficking and might have implications for repair and revascularisation attempts in the human heart following myocardial infarction.

One of the key purposes of establishing a larval zebrafish model of myocardial infarction is to facilitate in vivo imaging live on the beating heart, as this is currently impossible using other models and other imaging modalities. The combination of heartbeat-synchronized LSFM imaging, injection of fluorescent dextran and use of a pan-nuclear reporter transgenic gave us unprecedented awareness of the local cardiac architecture in 3D timelapse. Despite the absence of supporting coronaries or lymphatics, we observed neutrophils and macrophages migrating onto the injured heart via adjacent pericardium and settling precisely over the lesion. The high temporal and spatial resolution facilitated characterization of immune cell behavior at the injured myocardium, where neutrophils and macrophages become more meandering and migrate further. Neutrophils and macrophages were not seen to interact with each other, thus excluding efferocytosis of neutrophils by macrophages as a form of inflammation resolution in this model.

Imaging neutrophils and macrophages simultaneously using timelapse LSFM led to the unexpected discovery that a small population of motile immune cells are marked by both the neutrophil marker mpx and macrophage marker mpeg1. Although, mpeg1 is known to mark B-cells in the adult (Ferrero et al., 2020), in larvae these markers are considered mutually exclusive and a pan macrophage marker (Ellett et al., 2011). To our knowledge the only other evidence of such cells comes from the previously mentioned bulk RNAseq study characterizing larval zebrafish macrophage and neutrophil gene expression (Rougeot et al., 2019). The RNAseq showed low levels of mpx expression in mpeg1+ cells which the authors reasonably interpreted as general overlap in gene expression between macrophages and neutrophils. The cellular level resolution of our study allows us to suggest that this low expression of mpx in mpeg1+ cells can be explained by the contribution of a small number of mpx+ mpeg+ neutrophils. We are confident that these cells are indeed neutrophils because their size, shape, chemokine requirements and behavior were all distinguishable from macrophages, but indistinguishable from neutrophils.

Furthermore, we were able to provide evidence against the most likely alternative explanations for co-positivity. Subcellular analysis of fluorophore distribution suggested that the mpeg1:mCherry signal was from endogenous expression rather than acquired by phagocytosis of macrophage material. Another possible explanation is that neutrophil mpeg1:mCherry expression delineates unactivated neutrophils and activated neutrophils. This seems unlikely as both types of neutrophil are found quiescent in the CHT, and both are found actively participating in the wound inflammatory environment. Additionally, our flow cytometry data indicated both types undergo degranulation upon wounding, suggesting neither represent a cell that was already activated. However, the fact that there is underlying transcriptional heterogeneity leading to differential expression of this gene, is contrary to the idea that neutrophils are all homogenous. Similarly this deduction holds true irrespective of whether co+ cells possess true mpx mpeg1 co-expression or if it is unfaithful transgene expression. The fact remains that co-positivity only occurs in a subset of neutrophils suggesting an underlying heterogeneity in transcriptional regulation within larval zebrafish neutrophils. Furthermore, mpeg1 has a specific immune function, as it encodes a pore protein for microbial defense (Benard et al., 2015) and hence these cells might provide enhanced anti-microbial activity in non-sterile wounds. The co-positive cells are an intriguing finding that might have been previously overlooked as mpeg1:mCherry and mpx:GFP transgenes are often not imaged simultaneously. Further investigation, ideally by single cell RNAseq, is required to understand how these cells might differ in function from single-positive neutrophils and to test for further innate immune cell heterogeneity.

In summary, we have validated a larval zebrafish model of heart injury suitable for the study of immune cell migration. Our work proposes a larval immune cell multi-stage recruitment model (Figure 8) whereby macrophages and neutrophils egress from the CHT to travel via the blood or vasculature to the injury site. Local immune cells from the initial wave of cells, are later joined by neutrophils and macrophages from more distal sites. Both macrophage and neutrophil numbers then resolve by reverse migration, randomly dispersing into adjacent tissues. We also highlight the presence of a neutrophil subtype defined by its expression of the macrophage marker mpeg1. Future studies will be required to understand the role of these immune cells in the injured larval zebrafish heart and whether they can be modulated to improve cardiac regeneration.



MATERIALS AND METHODS


Zebrafish Husbandry and Strains Used

Zebrafish husbandry, embryo collection and maintenance were conducted as per standard operating procedures. This was in accordance with the Animals (Scientific Procedures) Act, 1986 and approved by The University of Edinburgh Animal Welfare and Ethical Review Board in a United Kingdom Home Office-approved establishment. All experiments were performed on staged animals aged between 72–120 hpf (Kimmel et al., 1995). The following transgenic zebrafish were used: Tg(myl7:eGFP)twu26 (Huang et al., 2003), Tg(myl7:h2b-GFP)zf52 (Mickoleit et al., 2014), Tg(myl7:DsRed2-NLS)f2 (Rottbauer et al., 2002), Tg(nfkb:eGFP)i235 (Feng et al., 2012), Tg(mpx:mCherry)uwm7 (Yoo et al., 2010), Tg(mpx:GFP)i114 (Renshaw et al., 2006), Tg(mpeg1:mCherry)gl23 (Ellett et al., 2011), Tg(mpx:gal4;UAS:Kaede)i222 (Ellett et al., 2015), Tg(fms:Gal4.VP16)i186, referred to as csf1r:gal4 (Gray et al., 2011), Tg(UAS-E1b:NfsB-mCherry)c264, abbreviated to UAS:mCherry-NTR (Davison et al., 2007), Tg(fli1:eGFP)y1tg (Lawson and Weinstein, 2002), Tg(kdrl:mCherry)ci5 (Proulx et al., 2010), Tg(kdrl:GFP)la116 (Choi et al., 2007), and Tg(h2a:GFP) (Pauls et al., 2001). Adults were day-crossed as appropriate to yield desired combinations of transgenes in embryos. Embryos were treated with 0.003% phenylthiourea (Fisher Scientific, Hampshire, New Hampshire) at 7 hpf to prevent pigment formation and enhance image clarity (Karlsson et al., 2001). Fish were housed at 28.5°C in conditioned media and imaged at room temperature (23°C) on various microscopes (details below). When necessary, larvae were periodically anesthetized using 40 μg/ml tricaine methanesulfonate (Sigma Aldrich, St Louis, Missouri) before being transferred back to conditioned media.



Localized Ventricular Laser Ablation

A Zeiss Photo Activated Laser Microdissection (PALM) laser system (Zeiss, Oberkochen, Germany) (Supplementary Figure 1-supplement 1) was used to induce a localized injury at the ventricular apex of anesthetized 72 hpf larvae as initially reported recently (Taylor et al., 2019). Larvae were laterally mounted on a glass slide in 20 μl anesthetized conditioned media and the laser was fired through a 20X objective. Injuries were deemed successful when ventricular contractility noticeably decreased, the apex had shrunk, and the myocardial wall had swollen without causing cardiac rupture and subsequent erythrocyte leaking (Figure 1B). A successful injury resulted in the segment of dysfunctional tissue losing fluorescent myocardial transgenic signal (Figure 1D). Uninjured (control) larvae were treated in the same manner up to the point of laser injury, when they were individually separated into single wells of a 24-well plate and maintained in the same environmental conditions as injured fish.



Tail Fin Transection

The tail fin of anesthetized 72 hpf larvae was transected using a sterile scalpel, avoiding damage to the end of the notochord and vasculature (as depicted in the Figure 2 schematic), and as previously reported (Hoodless et al., 2016). Uninjured (control) fish were treated in the same manner up to the point of transection, when they were separated into a 24-well plate and maintained in the same environmental conditions as injured fish.



Epifluorescence Microscopy

A Leica M205 FA stereomicroscope (Leica, Wetzlar, Germany) with GFP, mCherry and BFP filters was used for all serial timepoint epifluorescence imaging experiments. To visualize neutrophil or macrophage presence at heart or tail wounds, larvae were anesthetized and mounted laterally on a glass slide in 50 μl of conditioned media. The number of immune cells on the heart were quantified by manually observing and counting cells moving synchronously with the beating heart. Heart images were acquired using 16X objective. The number of immune cells at the tail were quantified by counting from the caudal end of the vascular loop to the wound edge as performed by others (Miskolci et al., 2019). Tail images were acquired using 8X objective. CHT images were acquired using a 6X objective. Whole larvae images were acquired using 2.5X objective. The number of circulating immune cells were quantified by manually observing whole larvae for liberated cells which can be detected in real time migrating through or around the vasculature.

An EVOS Auto2 system (ThermoFisher, Waltham, MA, United States) with GFP, RFP and DAPI filters was used to image whole larvae in epifluorescence timelapse, in an automated manner at 28.5°C. Larvae were anesthetized and mounted laterally in a 6-well plate in 1% agarose. Three larvae were mounted per well. To ensure larvae remain immobilized, 500 μl of anesthetic solution was added to each well. Images of each well were acquired using a 2X objective at 1-minute intervals up to 24 hpi.



Light Sheet Fluorescence Microscopy (LSFM)

Individual larvae were prepared for LSFM by embedding in 1% low melting-point agarose (ThermoFisher, Waltham, Massachusetts) in anesthetized conditioned media inside FEP tubes (Adtech Polymer Engineering, Stroud, United Kingdom). This embedding reduced gradual drift of the embryo in the FEP tube, without causing developmental perturbations during long-term imaging. Larvae were used only once for a timelapse imaging experiment, and any repeats shown come from distinct individuals. Larvae were mounted head down such that the heart faces toward both illumination and imaging objectives to improve image clarity. All LSFM experiments were performed at room temperature (23°C). The setup of our custom-built LSFM system has been previously reported in detail (Taylor et al., 2019).



Optically Gated (Beat-Synchronized) Heart Imaging

Real time prospective optical gating and more recent adaptive prospective gating methods in conjunction with LSFM have been previously published (Taylor et al., 2011, 2012, 2019). In summary, the software permits real-time 3D imaging of the normally beating heart by determining the phase of the cardiac cycle using images acquired from a separate bright-field camera. The software checks subsequently acquired bright-field images against this reference image-set in real-time and activates the imaging laser at a user-designated phase of the cardiac cycle. This ensures the lightsheet only strikes the heart when it is in that desired phase of the cardiac cycle, illuminating each z-plane for a few milliseconds and limiting the impact of phototoxicity and photobleaching. Synchronization is maintained over tens of hours by periodically updating the reference images to account for changes in appearance of the heart during development/injury (Taylor et al., 2019). For timelapse imaging, the entire heart is scanned in 3D every 3 mins, with a z-plane spacing of 1 μm, and each image stack is stored as a.tif file. These images can be viewed as a maximum intensity projection images during acquisition in order to, if necessary, optimize the quality of subsequently acquired images.



Histological Cell Death Assays

To detect cell death at the injured ventricle, whole-mount larval TUNEL staining was performed. Larvae were fixed in 4% PFA for 30 mins and transferred to 1:10 dilution of PBS. Larvae were subsequently digested in 1 μg/ml Proteinase K for 1 h. Larvae were re-fixed in 4% PFA for 20 mins and subsequently washed in PBT. TUNEL staining was performed using ApopTag Red In situ kit (MilliporeSigma, Burlington, MA, United States) to label apoptotic cells, as described in (Buckley et al., 2017). Stained hearts were imaged using LSFM.

To corroborate these findings acridine orange staining was performed. Larvae were incubated in 10 ng/μl of Acridine orange solution (ThermoFisher, Waltham, MA, United States) in the dark for 20 min. Larvae were subsequently washed three times in conditioned media for 10 min and imaged using heartbeat synchronized LSFM.

For live staining with propidium iodide, larvae were injected intravenously with a 1 nl volume of 1 mg/ml PI (ThermoFisher, Waltham, MA, United States) in PBS immediately following laser injury (∼15 minutes post injury) and imaged using heartbeat synchronized LSFM.



Photoconversion of Neutrophils and Macrophages

We established a specific protocol for photoconversion of neutrophils and macrophages following laser heart injury, using Tg(mpx:gal4;UAS:kaede) and Tg(csf1r:gal4;UAS:kaede) larvae respectively on a Leica M205 FA epifluorescence stereomicroscope (Leica, Wetzlar, Germany). To increase throughput, we generated a digital reticule informing us of the beam location on the larva. The reticule was specifically positioned to target one of two different regions; the head and/or pericardium. Larvae were mounted laterally in 50 μl of conditioned media on a glass slide prior to photoconversion. The beam was focused through a Leica PLAN APO 2.0x CORR Objective with an eye piece magnification of x16. A Mercury Vapor Lamp (Leica, Wetzlar, Germany) at 50 W power was used in conjunction with a BFP filter to photoconvert kaede-labeled immune cells. Depending on the experiment, larvae were either differentially photoconverted at 1 h prior to heart injury and imaged at 2 and 6 hpi (immune cell tissue origin assay), or their pericardiums were fully photoconverted at 6 hpi and imaged at 24 hpi (immune reverse migration assay). For the immune cell tissue origin experiment, the head was first fully photoconverted from green to red by exposing larvae for 60 s (until no green kaede signal was detectable above background). Next, the pericardium was semi-converted from green to brown (red and green) by exposing larvae for 30 s (immune cells retain 1:1 ratio of unconverted vs converted kaede fluorophore). The remainder of the larvae (which we term trunk) maintained endogenous green kaede fluorophore, hence producing three differentially labeled immune cell populations in the same larvae. Larvae were not imaged beyond 24 hpi because, shortly after this elapsed time, converted kaede fluorophore became difficult to detect in semi-converted cells. For the immune cell reverse migration experiment, the pericardium was fully photoconverted from green to red by exposing larvae for 60 s (until no green kaede signal was detectable above background). We confirmed that 93 ± 2.7% of pericardial immune cells photoconverted at 6 hpi were able to be traced at 24 hpi following their reverse migration, therefore validating the sensitivity of this technique (Supplementary Figure 3-supplement 1B). Larvae were imaged using both GFP and mCherry filters to detect level of photoconversion.



Pharmacological Cxcr1/2 Inhibition

Larvae were preincubated in 5 μM SB225002 (Sigma Aldrich, St. Louis, MO, United States) or 0.1% DMSO vehicle (Sigma Aldrich, St. Louis, MO, United States) dissolved in conditioned media at 70 hpf for two hours prior to heart or tail injury. Following injury, larvae were continuously bathed in drug or vehicle throughout the duration of the experiment.



Fluorescent Dextran Injection

Custom-synthesized molecular weight (500 kDa) pacific blue fluorophore-labeled dextran (Fina Biosolutions, Rockville, MD, United States) was injected into larvae at 1 hpi. Injections were administered in a 1 nL volume of 5% (w/v) dextran dissolved in phosphate-buffered saline and injected into the cardiac sinus venosus as described in more detail previously (Rider et al., 2018).



Image Analysis

Unless otherwise stated, images were prepared, processed and analyzed using ImageJ (Fiji) software (National Institutes of Health, Bethesda).



Ventricular Ejection Function

Tg(myl7:GFP) hearts were imaged using a Leica M205 FA epifluorescence stereomicroscope (Leica, Wetzlar, Germany) to capture when the ventricle was in diastole and systole. The ventricular area in diastole and systole was measured and ventricular ejection fraction calculated using the formula 100 X [(Diastolic Area – Systolic Area)/Diastolic Area] (Matrone et al., 2013).



Photoconverted Immune Cells

Epifluorescence images of photoconverted larvae were analyzed to quantify the number of immune cells that were fully converted (red), semi-converted (red and green) or unconverted (green) on the heart or to identify immune cell locations in the whole larvae following heart injury. More specifically, for the latter reverse migration (immune cell location) assay, each larva was divided into 48 equally sized square zones (3 rows of 16, individual zone size = 31000 μm2). The number of photoconverted immune cells within each square zone at 24 hpi was quantified per larvae, averaged and normalized per zone to generate a heat map (Figure 3D).



Immune Cell CHT Quantity

The number of immune cells specifically within the CHT (as depicted in Figure 4) were quantified across timepoints and normalized to baseline preinjury (0 hpi) for each larva. Quantification was performed in a semi-automated fashion using a custom FIJI. In brief, a rectangular region of interest (766 μm × 151 μm) is generated and positioned over the CHT. This region is cropped, and brightness/contrast enhanced to identify all neutrophils or macrophages. Background signal is subtracted, then an unsharp mask and watershed segmentation are applied. The ‘Analyze Particles’ plugin is run to measure the area of segmented neutrophils or macrophages in the CHT.



EVOS Whole Larva Imaging Analysis

Timelapse images were analyzed using the FIJI plugin Trackmate (Tinevez et al., 2017) automating the tracking of neutrophils and macrophages. Detection parameters: LOG detector, diameter 14 μm and threshold 5 μm. Tracking was performed using Simple Linear Assignment Problem (LAP) algorithms with parameters: linking distance 27 μm, max closing distance 15 μm and gap closing max frame gap 2. The dataset was then handled one of two ways depending on the analysis.

Analysis 1 - vessel use incidence: the incidence of use of each vessel for lasered datasets was obtained manually by plotting a line along the dorso-ventral axis one somite anterior to the cloaca and counting how many cells pass the line over the time frame 1–12 hpi for each vessel. Detecting and ringing each cell using Trackmate aids counting. The same method was used for tail transection datasets except the dorso-ventral line was drawn four somites back from the tail fin. The reasoning behind using different sites for quantification is that the majority of migrating cells will be coming from the CHT, which is located between the two different wound sites we studied, and hence cells are expected to move in opposite directions depending on the injury model.

Analysis 2 - cell behavior: tracked cells were filtered to a range of 1.5–8 hpi and restricted to the trunk region of the larva. Non-migrating cells were then excluded from the analysis based on displacement. Remaining tracks were used for plots of speed and meandering index. Meandering index was calculated using the Trackmate output data ‘Displacement’, ‘Duration’ and ‘Speed.’ Where Meandering index = Displacement/(Duration/Speed).



Surface Rendering of Heart, Vasculature, Nuclei and Tracking of Immune Cells Following Heart Injury

Light sheet fluorescence microscopy z-stacks of the myocardium, endocardium, immune cells and nuclei were surface-rendered using Imaris software (Bitplane, Zurich, Switzerland). Rendered immune cells were tracked during the indicated time course using an autoregressive motion algorithm, and individual tracks were surface rendered for display using Imaris.



Differentially Color-Labeling Cell Types Imaged in the Same Fluorescent Channel

To distinguish kdrl:mCherry fluorescence from mpeg1:mCherry fluorescence, a sequential subtraction of two frames difference was performed across the image sequence to produce a magenta channel where only moving cells were visible. This distinguished moving macrophages (magenta) from the static endothelium (blue). To distinguish mpx:GFP fluorescence from h2a:GFP fluorescence, a threshold was applied across the image sequence, creating a mask for brighter mpx:GFP neutrophils only. The brightness/contrast of h2a:GFP fluorescence (gray) was altered so that it was visible when overlaid with the mpx:GFP fluorescent mask (green). All channels were combined to create a composite image displayed in Figure 6D.



Ventricle-Recruited Immune Cell Behavior Analysis

Light sheet fluorescence microscopy timelapses of the myocardium and neutrophils or macrophages were processed as maximum intensity projections. The Fiji plugin MTrackJ (Meijering, 2006) was used to manually track the migration of immune cells from the moment they migrate onto the ventricular myocardium until the moment they reverse-migrate off the ventricular myocardium or, as is commonly the case for macrophages, until the end of the timelapse.



Immune Cell Behavior Analysis Following Tail Transection Using LSFM Timelapses

LSFM timelapses of the transected tail fin acquired at scan intervals of 1 min were analyzed using Imaris (Bitplane, Zurich, Switzerland). Default and suggested parameters were used for supervised tracking by the autoregressive motion algorithm. Co-positive cells were designated as cells with a mpx:mpeg1 ratio less than 3:1 and greater than 1.33:1. Gating the cells by ratios overcomes the variability in absolute intensity as cells move through different area of tissue and take on different shapes. Plotted values are calculated from the averages of all cells in a particular larva 2–3 hpi following tail transection.



Fluorescence Intensity Plots of Immune Cell z-Planes

LSFM z-stacks of transected tail fins were analyzed in Fiji using the plot profile function to measure the intensity of the desired fluorophore across a manually drawn line.



Flow Cytometry

Larvae were euthanized using 0.3 mg/ml tricaine methanesulfonate at 24 h post injury (4 dpf) and transferred into 1 ml of enzyme digestion mix consisting of Collagenase V (Sigma Aldrich, St. Louis, MO, United States), Collagenase D (Roche, Basel, Switzerland), Dispase (ThermoFisher, Waltham, MA, United States) and DNase (Roche, Basel, Switzerland). A single-cell suspension in RPMI+ 10% FBS was achieved through mechanical homogenization and filtering through a 40 μm cell strainer. The cells were resuspended in HBSS (−/−)+ 15 mM HEPES+ 25 μM D-Glucose) and filtered through a 40 μm cell strainer. Lastly, DAPI (1:1000) was added to the sample which was subsequently analyzed by flow cytometry. Samples were kept on ice throughout and were analyzed by flow cytometry at 4°C. Analysis and visualization of data was performed using FCS Express 7 software (De Novo Software, Pasadena, CA, United States).



Statistical Analysis

Graphs and statistics were curated in GraphPad Prism 8 software (GraphPad Software, San Diago, CA, United States). Data were analyzed by student t-test, one-way ANOVA or two-way ANOVA followed by an appropriate multiple comparison post hoc test. All statistical tests, p-values and n numbers used are given in figure legends.
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Congenital retinal dystrophies are a major cause of unpreventable and incurable blindness worldwide. Mutations in CDHR1, a retina specific cadherin, are associated with cone-rod dystrophy. The ubiquitin proteasome system (UPS) is responsible for mediating orderly and precise targeting of protein degradation to maintain biological homeostasis and coordinate proper development, including retinal development. Recently, our lab uncovered that the seven in absentia (Siah) family of E3 ubiquitin ligases play a role in optic fissure fusion and identified Cdhr1a as a potential target of Siah. Using two-color whole mount in situ hybridization and immunohistochemistry, we detected siah1 and cdhr1a co-expression as well as protein localization in the retinal outer nuclear layer (ONL), and more precisely in the connecting cilium of rods and cones between 3–5 days post fertilization (dpf). We confirmed that Siah1 targets Cdhr1a for proteasomal degradation by co-transfection and co-immunoprecipitation in cell culture. To analyze the functional importance of this interaction, we created two transgenic zebrafish lines that express siah1 or an inactive siah1 (siah1ΔRING) under the control of the heat shock promoter to modulate Siah activity during photoreceptor development. Overexpression of siah1, but not siah1ΔRING, resulted in a decrease in the number of rods and cones at 72 h post fertilization (hpf). The number of retinal ganglion cells, amacrine and bipolar cells was not affected by Siah1 overexpression, and there was no significant reduction of proliferating cells in the Siah1 overexpressing retina. We did, however, detect increased cell death, confirmed by an increase in the number of TUNEL + cells in the ONL, which was proteasome-dependent, as proteasome inhibition rescued the cell death phenotype. Furthermore, reduction in rods and cones resulting from increased Siah1 expression was rescued by injection of cdhr1a mRNA, and to an even greater extent by injection of a Siah1-insensitive cdhr1a variant mRNA. Lastly, CRISPR induced loss of Cdhr1a function phenocopied Siah1 overexpression resulting in a significant reduction of rods and cones. Taken together, our work provides the first evidence that Cdhr1a plays a role during early photoreceptor development and that Cdhr1a is regulated by Siah1 via the UPS.
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INTRODUCTION

According to the World Health Organization (WHO), in 2015 more than 253 million people worldwide were visually impaired, of which 36 million were blind. This number is predicted to increase to 703 million visually impaired people by 2050 (Ackland et al., 2017). Retinal congenital disease is a major contributor to blindness disorders, affecting 4.5 million people worldwide. Congenital retinal blindness is known to be associated with mutations in over 280 different genes (Hohman, 2016; Riera et al., 2017; Benati et al., 2019). While these mutations encompass various portions of the eye, aberrant development and improper maintenance of the retina are major causes of visual impairment and loss of sight.

The retina, an extension of the central nervous system, is responsible for not only detecting incoming light, via photoreceptor cells, but also ultimately conveying that signal through the optic nerve and to the brain to be interpreted as vision (Purves et al., 2001). Retinal structure and development are fairly well conserved across vertebrates from human to mouse and zebrafish (Hoon et al., 2014). There are 7 cell types within the retina, which populate 3 nuclear layers. Differentiation of the neural retina generally begins with the innermost neurons of the retina: ganglion cells within the ganglion cell layer (GCL) closely followed by or in parallel with amacrine, horizontal, and bipolar cells of the inner nuclear layer (INL). Müller glia are the last cells of the INL to differentiate (Centanin and Wittbrodt, 2014). The light-sensing rod and cone photoreceptor cells, which are responsible for distinguishing light and dark as well as color, respectively, are relatively late-born retinal cell types (Kawamura and Tachibanaki, 2008). In zebrafish beginning at 50 h post fertilization (hpf), expression of rhodopsin and red cone opsin are detectable specifically in the ventronasal region of the retina (Larison and Bremiller, 1990; Schmitt and Dowling, 1996; Fadool, 2003). Cone photoreceptor differentiation then spreads from the ventro-nasal to the dorso-temporal retina in a wave, whereas rod photoreceptor differentiation proceeds more sporadically across the retina (Raymond et al., 1995; Morris and Fadool, 2005). Photoreceptor outer segments are initially detected at 60 hpf in the ventral region of the retina (Avanesov and Malicki, 2010). Cone and rod photoreceptors have largely completed differentiation by 5 days post fertilization (dpf), at which point cone photoreceptor function can be detected by electrophysiology and behavioral assays (Brockerhoff et al., 1995; Fadool and Dowling, 2008). Photoreceptors populate the outer nuclear layer (ONL) and play a critical role in detecting light using the outermost portion of the cell, the outer segment (Baker and Kerov, 2013). Outer segments are comprised of hundreds of stacked disks which contain the molecular machinery to detect and process light signals via phototransduction (Goldberg et al., 2016). Phototransduction is a highly metabolically demanding process which produces toxic photo-oxidative compounds, requiring outer segments to shed after a period of time and be replenished to maintain proper cell length (Kocaoglu et al., 2016). Although photoreceptors are imperative for visual system operation, the function of many genes hypothesized to play a role in their development and maintenance have yet to be tested in vivo. Mutations in these various genes can lead to the development of a wide spectrum visual impairment, including the commonly known cone-rod dystrophies.

Cone-rod dystrophies are a group of inherited retinal diseases that first affect cone photoreceptors, then rod photoreceptors, or in some cases they are affected simultaneously (Hamel, 2007). Generally, the photoreceptors begin to degenerate, causing progressive loss in visual acuity, color and central vision, and light sensitivity (Gill et al., 2019). In order to develop therapeutics for cone-rod dystrophies, understanding the currently unknown mechanism as to how of each of the over 30 genes (Sullivan et al., 2020) implicated in its onset and progression is imperative. To do this, most studies have aimed to elucidate the role of these genes in retinal development and maintenance in vertebrate models such as mouse and zebrafish (Biehlmaier et al., 2003; Parry et al., 2009; Buch et al., 2011; Lu et al., 2017; Qu et al., 2019). A well-established candidate gene associated with cone-rod dystrophy which has yet to be explored in a developmental context is photoreceptor specific cadherin CDHR1.

Several clinical studies (Bolz et al., 2005; Henderson et al., 2010; Ostergaard et al., 2010; Cohen et al., 2012; Duncan et al., 2012; Ba-Abbad et al., 2013; Bessenyei and Oláh, 2014; Nikopoulos et al., 2015; Arno et al., 2016; Riera et al., 2017; Stingl et al., 2017; Fu et al., 2018) have described mutations in CDHR1 associated with inherited cone-rod dystrophy. Conserved among vertebrates, CDHR1 belongs to the cadherin superfamily of calcium-dependent cell adhesion molecules but is exclusively expressed in photoreceptors of zebrafish, chickens, mice, and humans (Rattner et al., 2004). CDHR1 encodes an intracellular domain, a transmembrane domain in addition to six cadherin repeats (Stingl et al., 2017). Previous studies using tomography, electron microscopy and immunohistochemistry (IHC) have unequivocally defined CDHR1 localization to the base of outer segment of photoreceptor cells (Rattner et al., 2001, 2004; Burgoyne et al., 2015). Additionally, to further determine its precise location in the junction in between the inner segment (IS) and the outer segment (OS), Burgoyne et al. (2015) used nanogold cryo-EM to illustrate that CDHR1 forms fibers connecting immature disks at the base of the outer segment. This group hypothesized that CDHR1 is necessary to stabilize and control the disk evagination process during photoreceptor cell outer segment assembly and/or maintenance (Ostergaard et al., 2010). A CDHR1 knockout mouse partially supports this hypothesis as well as the correlation of CDHR1 loss of function and cone-rod dystrophy. CDHR1 knockout mice were born with shorter and disorganized photoreceptor outer segments, followed by a progressive loss of photoreceptors (50%) in the next 6 months of life (Rattner et al., 2001).

While previous studies of CDHR1 have confirmed its importance for photoreceptor development and homeostasis (Nikopoulos et al., 2015) we lack any understanding of its regulation during these critical events. Interestingly, we have recently characterized a ubiquitin-proteasomal system (UPS) pathway involved in retinal morphogenesis (Piedade et al., 2019). We observed that the E3 ligase enzyme, Siah1, was expressed throughout the retina during early development and specifically targeted a transcriptional regulator, Nlz2, for degradation. This process ensured timely and precise fusion of the optic fissure of the early retina. When searching for other targets of this E3 ligase based on its well established degron-motif (Pro-[ARTE]-X-Val-X-Pro), we identified zebrafish Cdhr1a as a potential hit. This suggested to us that Siah is a candidate for regulating the turnover of this protein and therefore controlling its function during photoreceptor development or outer segment maintenance.

In our present study we aimed to investigate the Siah-mediated post-translational regulation of Cdhr1a during development of the zebrafish retina. Taken together, our data indicate that stability of Cdhr1a is necessary for zebrafish photoreceptor development and survival and it is subject to regulation through the UPS by Siah1. In particular, we observe significantly reduced photoreceptor number upon induced expression of Siah, but no significant effects on any other retinal cell type. We show these effects are UPS dependent and can be rescued with a proteasome inhibitor (MG132), with cdhr1a mRNA, as well as a Siah1 insensitive Cdhr1a variant. Our work provides an in vivo example of vertebrate photoreceptor cell development modulated by UPS-mediated regulation of a gene known to be associated with inherited cone-rod dystrophy.



RESULTS


Siah and cdhr1a Are Co-localized in the Outer Nuclear Layer During Retinal Development

As mentioned above, numerous studies have demonstrated cdhr1 expression in retinal photoreceptor cells and potentially implicated in photoreceptor development (Rattner et al., 2001, 2004; Ostergaard et al., 2010). In contrast, siah gene expression during zebrafish retinal development had yet to be described. As such, we sought to investigate siah expression and cellular localization during the later stages of retinal development when photoreceptors are maturing. Siah1 and Siah2l are known to be expressed throughout the central nervous system during zebrafish development but in this study we carried out a comprehensive expression analysis of both siah homologues, siah1 and siah2l specifically during retinal development. Using two color fluorescence whole-mount in situ hybridization (FWISH) we examined simultaneous expression of siah1 or siah2l and cdhr1a in the zebrafish retina at 3, 4, and 5 days post fertilization (dpf; Figure 1). Zebrafish also encode a cdhr1 paralogue, cdhr1b, however, it does not exhibit retinal expression (data not shown). Starting at 3 dpf we observed co-expression of cdhr1a and both siah1 and siah2l specifically in the ONL (Figures 1A,D). Siah1 and Siah2l expression were also seen throughout the INL and GCL. This pattern of expression was observed up to and including 5 dpf (Figures 1C,F). Co-expression of siah1 and cdhr1a in the ONL indicates that siah1 and cdhr1a are both present and potentially active during photoreceptor cell maturation. This further suggests that Siah1 may have a functional role in regulating Cdhr1a protein stability in photoreceptor cells. Since siah1 and siah2l both target the same degron sequence, we focused solely on siah1 for the rest of this study.
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FIGURE 1. Siah1 and cdhr1a are co-expressed in the outer nuclear layer of the retina. Retinal cryosections from two color fluorescent whole-mount in situ hybridization of siah1 (green) and cdhr1a (red) in zebrafish embryos from 3–5 dpf. Magnified images correspond to region of the dashed outline. Siah1 expression was noted in the outer nuclear and inner nuclear layer from 3–5 dpf (A’–C’). Siah2l expression was also detected in the outer and inner nuclear layer from 3–5 dpf (D’–F’). cdhr1a expression was restricted to and throughout only the outer nuclear layer (A”–C”). Siah1 as well as siah2l was observed to co-express with cdhr1a specifically in the outermost part of the outer nuclear layer (A–F). DNA was stained with DAPI (blue). L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; and GCL, ganglion cell layer. Large scale bar = 100 μm and small scale bar = 25 μm.




Siah1 Localizes to the Base of the Outer Segments in Rods and Cones

In order to validate our FWISH results, we next examined Siah and Cdhr1a protein localization during photoreceptor maturation. To do so we first obtained zebrafish specific polyclonal antibodies against Siah1 and Cdhr1a. When tested by IHC in 3–5 dpf retinal sections we observed signal that correlated with our FWISH results (Figures 2A–L). In particular, we observed specific localization of Cdhr1a signal in the ONL where the rods and cones reside, while Siah1 signal was detected throughout the retina, including strong signal in the ONL (Figures 2D–F). To confirm that Siah1 is localized in photoreceptor cells, and to determine to which subcellular region, we performed IHC on retinal sections from transgenic embryos expressing rod and cone reporter constructs, Tg[XOPS:GFP] and Tg[TαC:eGFP], respectively, (Fadool, 2003; Kennedy et al., 2007). Our IHC results indicate that Siah1 protein localized to the synaptic terminals of rod (XOPS:GFP) and cone (TαC:eGFP) photoreceptors, as well as in the connecting cilium from 3 to 5 dpf (Figures 2D’–F’,J’–K’,C”,F”,I”,L”). We observed a similar pattern of localization for Cdhr1a, in particular at the connecting cilium of rods (XOPS:GFP) and cones (TαC:eGFP; Figures 2A’–C’,G’–H’). Cdhr1a localization to the primary cilium at 3 dpf, exhibited low signal, which increased progressively up to 5 dpf (Figures 2C”,F”,I”,L”). In addition to the ONL, Siah1 protein staining was also observed in the INL and GCL during the period analyzed. This again corelated with our FWISH data. Collectively, our analysis of mRNA and protein localization for Siah and Cdhr1a indicated that both proteins are expressed in photoreceptor cells and may functionally interact.
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FIGURE 2. Siah1 and Cdhr1a localize to the photoreceptor primary cilium. Siah1 and Cdhr1a protein localization was determined using IHC in 3–5 dpf old Tg[XOPS:GFP] or Tg[TαC:eGFP] retinal cryosections. Cdhr1a signal (red) was detected in the ONL (A–C, G–I) and within rod photoreceptors (green) marked by XOPS:GFP expression between 3–5 dpf (A’–C’). Siah1 signal was also detected in the ONL (D,E,J–L) and within rod photoreceptors (D’,E’). Cdhr1a signal (red) was detected within cone photoreceptors (green) marked by TαC:eGFP expression between 3–5 dpf (J’–L’). Siah1 signal was also detected within cone photoreceptors (D’,E’). Both Cdhr1a and Siah1 localization within photoreceptors was strongest at the junction of the inner and outer segments, connecting cilium (C”,F”,I”,L”). DNA was stained with DAPI (blue). L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; GCL, ganglion cell layer; D, Dorsal; and V, Ventral; OS, outer segment; CC, connecting cilium; and IS, inner segment. Large scale bar = 100 μm and small scale bar = 10 μm.




Siah1 Targets Cdhr1a for Proteasomal Mediated Degradation

Siah E3 ubiquitin ligase interaction with target proteins is a well-characterized process and it involves interaction through an evolutionarily conserved amino acid motif termed a degron. Zebrafish Cdhr1a protein encodes a Siah degron starting in the 857th amino acid. In vertebrates, CDHR1 is highly conserved, with similarity ranging around 60% when comparing human to zebrafish Cdhr1a. This includes the degron motif, suggesting that this conserved feature plays an important role in the regulation of Cdhr1a through the UPS (Figure 3A). To examine whether Siah regulates Cdhr1a protein degradation, we transiently co-transfected HEK 293T cells with Cdhr1a-FLAG and GFP (control) or Cdhr1a-FLAG and Siah1-myc. Protein levels were subsequently determined by Western blot. As shown in Figure 3B, lysates from cells co-transfected with Cdhr1a-FLAG and Siah1-myc, completely lacked Cdhr1a-FLAG signal while the control co-transfection resulted in the presence of a strong Cdhr1a-FLAG band (Figure 3B), indicating that Cdhr1a is targeted for degradation in the presence of Siah1. To demonstrate a direct effect of Siah1 E3 ligase activity we also co-transfected Cdhr1a-FLAG with an inactivated Siah1 construct (Siah1ΔRING-myc) which is missing the RING domain and therefore cannot perform the E3-mediated ubiquitin transfer onto its targets. Cell lysate from Cdhr1a-FLAG and Siah1ΔRING-myc co-transfection also contained a strong Cdhr1a-FLAG band. Furthermore, inhibition of the proteasome using MG132 treatment resulted in the retention Cdhr1a-FLAG signal compared to no treatment (Figure 3B). These results demonstrated that Siah1 is directly responsible for the loss of Cdhr1a-FLAG due to proteasomal degradation. To determine whether Cdhr1a targeting by Siah1 requires the degron motif, we constructed a Cdhr1a variant in which the VmP motif of the degron sequence was altered to LmA (cdhr1aLmA). The mutations had no effect on the level of expression of Cdhr1aLMA-FLAG compared to Cdhr1a-FLAG (Figures 3B,C). As shown in Figure 3C, Cdhr1aLmA-FLAG was completely insensitive to the effects of co-expressing Siah1-myc. Finally, using co-immunoprecipitation (co-IP) we showed that Siah1-myc, or Siah1ΔR-myc, can be pulled down by Cdhr1a-FLAG (Figure 3D). To ensure the specificity of our co-IP, cells were transfected with Siah1ΔRING-myc alone, showing no pull-down with FLAG antibodies after the co-IP (Figure 3D). Taken together, these results strongly suggest that Siah1 directly targets Cdhr1a for proteasomal mediated degradation through the degron motif found in Cdhr1a. In light of our findings, we next sought to determine whether Siah-mediated regulation of Cdhr1a protein stability plays a role in zebrafish photoreceptor development.


[image: image]

FIGURE 3. Siah1 targets Cdhr1a for proteasomal degradation. Alignment of CDHR1 degron motif sequence from different vertebrates: Xenopus, chicken, mouse, rat, human, and zebrafish outlining overall protein sequence as well as motif conservation (A). Western blot analysis of cdhr1a protein stability in response to Siah activity. cdhr1a-FLAG signal is significantly decreased by co-transfection of siah1-myc, but not siah1ΔR-myc, or upon MG132 treatment. Alpha/betta tubulin was used as a loading control. N = 3 independent transfection experiments (B). Western blot analysis of Siah1 targeting specificity. cdhr1a-FLAG signal is significantly decreased by co-transfection of siah1-myc. Signal of cdhr1aLMA-FLAG, a cdhr1a variant encoding a non-recognized degron motif, does not decrease upon co-transfection of siah1-myc. Alpha tubulin was used as a loading control. N = 3 independent experiments (C). Co-immunoprecipitation of cdhr1a-FLAG co-transfected with siah1-myc or siah1ΔR-myc probed for FLAG (green), MYC (red). Cdhr1a-FLAG is able to pull down both siah1 and siah1ΔRING. N = 2 independent experiments (D).




Misregulation of Siah1 Activity Leads to Reduced Numbers of Photoreceptors

Based on our characterization of siah1 and cdhr1a expression and localization in photoreceptor cells, specifically the connecting cilium, and our confirmation that Siah1 targets Cdhr1a for degradation in vitro, we next wanted to determine whether this interaction plays a functional role during photoreceptor cell development. In order to overexpress Siah1 during retinal development, we generated two zebrafish transgenic lines in which Siah1 or the inactive Siah1ΔRING were placed under the control of the heat shock (HS) inducible hsp70 promoter (Figure 4A). We designed an experimental HS approach that would induce Siah1 expression during the developmental window of photoreceptor genesis, between 48 and 72 h post fertilization (hpf). To ensure continuous activity of the transgene, we performed the initial HS at 48 hpf, followed by a repeat HS at 60 hpf, and finally fixation at 72 hpf, by which time photoreceptor differentiation is largely completed (Figure 4B). The efficiency and specificity of the HS system were assessed by whole-mount in situ hybridization (WISH; Figure 4C). In the absence of elevated temperature examination of siah1 expression did not suggest any leaky expression from the hsp70 promoter. Upon HS siah1 and siah1ΔRING expression were significantly and ubiquitously elevated (Figure 4C). Importantly, HS mediated induction of siah1 but not siah1ΔRING expression led to a decrease of cdhr1a levels in the ONL as observed using IHC (Figure 4D). Tg[hsp70:siah1] and Tg[hsp70:siah1ΔRING] were next crossed onto the Tg[XOPS:GFP] and Tg[TαC:eGPP] transgenic lines to assess rod and cone photoreceptor development, respectively. At this timepoint in development, rod photoreceptors are largely concentrated in the ventral portion of the retina with some sporadic differentiation in the dorsal retina. In contrast, cone photoreceptors, which complete differentiation faster than the rods, have spread fairly uniformly across the ONL by 72 hpf. Double transgenic embryos were subjected to the HS protocol. Collected embryos were either imaged whole using confocal microscopy, or cryosectioned for IHC analysis. Confocal imaging of whole-mount embryos clearly indicated a significant decrease in rod and cone cells in Siah1 overexpressing embryos at 72 hpf relative to controls (Supplementary Figure 1). Quantification of retinal sections confirmed a decrease in the number of rods (Figures 5A–C) and cones (Figures 5E–G) in Siah1 HS embryos compared to wildtype and siah1ΔRING HS (Figure 5). The decrease in mature rod photoreceptors in the Tg[XOPS:GFP] line was most evident in the ventral portion of the retina (Figures 5A–C’), where rod photoreceptors initially differentiate (Morris et al., 2008; Figure 5D). Rods in the wildtype HS embryos displayed an elongated cell shape with partially visible outer segments (Figure 5A’) whereas rods in the Siah1 HS embryos appeared wider and without visible outer segments (Figure 5’C’). Rods in Siah1ΔRING HS embryos retained wildtype numbers and morphology (Figures 5B’,D). Some rods appeared stunted in shape, but most had an elongated structure with visible outer segments, comparable to wildtype HS. When examining Siah1 HS in the TαC:eGFP background we observed a decrease in cones both dorsally and ventrally (Figures 5E–G, H). The most striking decrease was again observed in the ventral portion of the retina (Figure 5G’). Having observed a negative effect of Siah1 overexpression on photoreceptor development, we next sought to determine the extent of these effects in development of other retinal cell types.
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FIGURE 4. Siah overexpression experimental design. Heat shock line construct schematic (A). The experimental design included heat shock for 30 min at 48 and subsequently 60 hpf with fixation and analysis at 72 hpf (B). Whole-mount in situ hybridization (WISH) for siah1 to confirm the effect of heat shock in wildtype, Tg[hsp70:Siah1] and Tg[hsp70:Siah1ΔRING] embryos. Heat shock induced a significant increase in siah1 gene expression in the transgenic lines but not in wildtype (C). Cdhr1a protein localization (red) was determined using IHC in retinal cryosections from 3 dpf old heat shocked wildtype, Tg[hsp70:Siah1] or Tg[hsp70:Siah1ΔRING] embryos. DNA was stained with DAPI (blue). Scale bar = 50 μm. L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; and GCL, ganglion cell layer.
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FIGURE 5. Siah1 overexpression leads to a reduction of rod and cone photoreceptors. Retinal cryosections of Tg[XOPS:GFP] (wildtype), Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1), and Tg[hsp70:siah1ΔRING]/Tg[XOPS:GFP], (siah1ΔRING) embryos were analyzed for GFP fluorescence after heat shock (HS; A–C). The number of rod photoreceptors (green) was significantly decreased in siah1 HS embryos at 72 hpf compared to wildtype and siah1ΔRING (D). Compared to wildtype and siah1ΔRING differentiated rod photoreceptors in Siah1 HS embryos have stunted outer segments (A’–C’). Retinal cryosections of Tg[TαC:eGFP] (wildtype), Tg[hsp70:siah1]/Tg[TαC:eGFP] (siah1), and Tg[hsp70:siah1ΔRING]/Tg[TαC:eGFP], (siah1ΔRING) embryos were analyzed for GFP fluorescence after heat shock (HS; E–G). Compared to wildtype and siah1ΔRING, siah1 HS resulted in a significant decrease in the number of cone photoreceptors (green) present the ventral portion of the retina of (E’–G’,H). DNA was stained with DAPI (blue), scale bar = 50 μm and 10 μm (A). L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; GCL, ganglion cell layer; ON, optic nerve; D, Dorsal; and V, Ventral. Each point on the graph represents total counts from an individual embryo. * = p < 0.05.




Inner Retinal Neurons Are Not Affected by Elevation of Siah1 Activity

Since Siah1 can potentially target several proteins and localizes to other regions of the retina (Figure 1), we investigated if overexpression of Siah1 could also impact the development of other cell types in the retina. Ganglion and amacrine cells are among the first retinal neurons to differentiate, a good portion having done so prior to the first HS at 48 hpf (van Driel et al., 1990). Immunostaining of retinal sections from Siah1 HS embryos with HuC/D indicated that morphology and cell number of ganglion and amacrine cells was unaffected by Siah1 over activation (Supplementary Figures 2A–D). Similarly, bipolar cells, visualized using PKCα immunostaining, were also found to be unaffected by Siah1 overactivation (Supplementary Figures 2E–H). Horizontal cells, visualized by Prox1 immunostaining, line the outermost part of the INL and have an oblong shape. The Prox1 + horizontal cells within the Siah1 HS embryos had normal morphology (Supplementary Figures 2E–G) but were decreased in number compared to wildtype and Siah1ΔRING HS (Supplementary Figure 2H). This phenotype was not as severe as what we observed for rods and cones and was therefore not a focus of our investigation going forward. In summary, from our analysis of ganglion, amacrine, bipolar and horizontal cells, we concluded that the functional consequences of Siah1 overexpression during the 48–72 hpf stage of retinal development is mostly confined to photoreceptors. Our data suggests that high levels of Siah1 activity can specifically alter photoreceptor maturation. As such, we next began to address the potential mechanisms for how Siah1 activity impacts photoreceptor development.



Siah1 Misexpression Does Not Affect Cell Proliferation

To determine whether the decrease in rod and cone photoreceptors at 3 dpf in Siah1 HS embryos was due to a delay in differentiation or cell death, we first assessed cell proliferation in the retina. Immunostaining for cells in S phase using PCNA and cells in mitosis with PH3 was conducted to detect potential differences in cell proliferation and cell cycle progression between wildtype, Siah1ΔRING, and Siah1 HS. Our results show no difference in PCNA + cells in the ciliary marginal zone (CMZ), an area of the retina containing stem and retinal progenitor cells that supports continuous retinal growth (Wan et al., 2016), between wildtype, Siah1ΔRING, and Siah1 HS embryos (Supplementary Figures 3A–C). While rod photoreceptors do not come from this pool of progenitors, it is an indicator of the rate of cell proliferation in the retina. PCNA was strongly expressed across genotypes and spanned a similar area in the dorsal and ventral portion of the retina. We followed up PCNA analysis with PH3 immunostaining to visualize cells in mitosis, rather than S phase. While there was variation when quantifying PH3 + cells in all genotypes, we found no significant difference in the total number of PH3 + cells when comparing all of our groups (Supplementary Figure 3G). Interestingly, the distribution of the PH3 + cells did vary across experimental groups (Supplementary Figure 3H). In the wildtype and Siah1ΔRING HS lines, the majority of PH3 + cells were in the ONL (Supplementary Figures 3D,E). In contrast, in the Siah1 HS embryos, most PH3 + cells were found in the CMZ and the INL. Taken together, we conclude Siah1 does not regulate cell proliferation or cycle progression, which led us to pursue cell death as a potential mechanism for Siah1 mediated aberrant photoreceptor development.



Siah1 Overexpression Results in a Proteasome-Dependent Increase in Retinal Apoptosis

We used TUNEL staining to label apoptotic cells in the retina of all genotypes following HS. Additionally, we utilized MG132, which inhibits proteasome activity in order to assay whether the phenotypes observed are dependent on Siah1’s E3 enzymatic activity (control embryos were treated with DMSO). We noted retinal cell death in the retinas of wildtype and Siah1ΔRING HS embryos (Figures 6A,C). In wildtype and siah1ΔRING embryos only a handful of apoptotic cells were observed, primarily located in the INL bordering the CMZ. In contrast, Siah1 HS embryos showed a significant increase in cell death when compared to wildtype and Siah1ΔRING (Figure 6F). Apoptosis was increased in the GCL, INL, and ONL of the retina (Figure 6D). An increase in retinal apoptosis due to induction of Siah1 was first observed to occur between 60 to 66 hpf (Supplementary Figure 5). To determine whether increased apoptosis was dependent on the proteasome we also treated heat shocked embryos with MG132. Previous work in our lab has shown that 12.5 μM of MG132 is effective for embryonic inhibition of the proteasome without toxicity (Piedade et al., 2019). Cell death was significantly reduced in Siah1 HS embryos treated with MG132, bringing down the average number of TUNEL + cells to one, which was comparable to wildtype (Figures 6B,E,F). After MG132 treatment, any remaining apoptotic cells in Siah1 HS embryos were primarily located in the INL (Figure 6E). Based on these results, we suspect that reduction of cone and rod photoreceptors upon Siah1 overexpression results from increased cell death of rod and cone progenitors or immature photoreceptors. This effect appears to be dependent on the E3 ligase activity of Siah1 as proteasome inhibition was able to rescue the phenotype. Based on these findings, we next investigated whether Siah1targeting of Cdhr1a contributes to the photoreceptor phenotype of Siah1 overexpressing retinas.
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FIGURE 6. Proteasome inhibition can rescue the decrease in rod photoreceptors and increased apoptosis resulting from Siah1 overactivation. Retinal cryosections from wildtype, Tg[hsp70:siah1] (siah1), and Tg[hsp70:siah1ΔRING] (siah1ΔRING) embryos heat shocked (HS) and treated with DMSO or MG132, were analyzed using IHC for cell death using TUNEL staining (A–E) as well as mature and immature rods using 4C12 antibodies (G–K). Number of TUNEL positive cells measured significantly higher in siah1 HS + DMSO embryos compared to all other treatments (F). Treatment with MG132 significantly decreased cell death in siah1 HS embryos compared to DMSO to an average comparable to wildtype (F). Numbers of mature and immature rod photoreceptors were significantly decreased in Siah1 + DMSO HS embryos treated with DMSO but not with MG132 (L). DNA was stained with DAPI (blue). Scale bar = 50 μm. L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; GCL, ganglion cell layer; ON, optic nerve; D, Dorsal; and V, Ventral. Each point on the graph represents total counts from an individual embryo. * = p < 0.05 and *** = p > 0.0001.




Siah1 Targeting of Cdhr1a for Proteasomal Degradation Regulates Photoreceptor Development and Survival

Having shown that MG132 could rescue Siah1 induced apoptosis in the retina, we next examined whether inhibition of apoptosis by MG132 would also rescue photoreceptor development. Treating Siah1 HS embryos with MG132 for 24 h not only decreased cell death throughout the retina, but also rescued the number of mature and immature rod photoreceptors (Figures 6G–K). Quantification of immature and mature rods, visualized by 4C12 immunostaining (Morris et al., 2005), indicated a significant increase in the number of rod cells upon MG132 treatment (Figure 6L). Mature and immature rod photoreceptors were present in the dorsal and ventral portion of the retina in Siah1 HS MG132 treated embryos (Figure 6K). The average number of rod photoreceptors was slightly lower in the Siah1 HS MG132 treated embryos compared to wildtype but increased by over 50% when compared to Siah1 HS DMSO treated embryos (Figure 6L). We observed similar results when examining consequences of MG132 treatment in Tg[XOPS:GFP]/Tg[hsp70:siah1] HS embryos (Supplementary Figures 4A–E). Importantly, cone photoreceptor numbers were also increased upon MG132 treatment, as observed in Tg[TαC:eGFP]/Tg[hsp70:siah1] HS embryos (Supplementary Figures 4F–J). Quantification of cone photoreceptors in these embryos showed MG132 treatment led to significantly more cells compared to DMSO treatment (Supplementary Figure 4J). We therefore conclude that excess Siah1 E3 ligase activity likely leads to increased apoptosis in the ONL and may drive the reduction of both rod and cone photoreceptors.

Having shown that Siah1 and Cdhr1a can interact in cell culture, and that Siah1 can regulate Cdhr1a levels, we next examined whether Siah1 targeting of Cdhr1a was responsible for the observed photoreceptor phenotypes. As outlined previously, CDHR1 is known to have an established role in photoreceptor maintenance, in particular turnover of outer segment disks (Burgoyne et al., 2015). What is less clear is whether CDHR1 plays a role during development of photoreceptors. As such, we hypothesized that Siah1 targets Cdhr1a and the reduction in Cdhr1a protein levels leads to apoptosis and subsequent reduction of photoreceptor progenitor cells. To test this hypothesis, we injected single cell stage Tg[hsp70:siah1] embryos with wildtype (WT) cdhr1a mRNA, performed our HS treatment and analyzed rod and cone photoreceptors at 72hpf. Injection of mRNA had no observable effect on WT or Siah1ΔRING HS embryos, however, in Siah1 HS embryos we observed a significant increase in the number of both rod and cone photoreceptors compared to Siah1 HS alone at 72 hpf (Figures 7, 8). Both mature and immature rod cells were increased in number when Siah1 HS embryos were injected with WT cdhr1a mRNA (Figures 7A–E). Similar outcomes were observed when using Tg[XOPS:GFP]/Tg[hsp70:siah1] embryos (Figures 7F–J). Not only were the number of cells increased, but the rod cells appeared elongated, contained outer segments and were evenly spaced. When examining cone cells using the Tg[TaC:eGFP]/Tg[hsp70:siah1] we also documented that injection of WT cdhr1a mRNA rescued the number of cone cells to levels comparable to wildtype or siah1ΔRING HS embryos (Figure 8). Our results show that an excess of Cdhr1a can overcome the Siah1-mediated targeting for proteasomal degradation and therefore protect development of photoreceptor cells.
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FIGURE 7. Rod photoreceptor development relies on sufficient levels of Cdhr1a. Retinal cryosections from wildtype or Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1), injected with wild type cdhr1a or cdhr1aLMA mRNA were heat shocked (HS) and analyzed for immature and mature rod cells using IHC for 4C12 (red; A–D’). Injection of both cdhr1a and cdhr1aLMA mRNA increased the number of immature and mature rod cells compared to siah1 HS alone (E). Retinal cryosections from Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1), injected with wildtype cdhr1a or cdhr1aLMA mRNA were heat shocked (HS) and analyzed for GFP signal (green; F–I’). Injection of both cdhr1a and cdhr1aLMA mRNA increased the number of GFP + rod cells compared to siah1 HS alone, with cdhr1aLMA giving a significantly stronger response (J). DNA was stained with DAPI (blue). Scale bar = 50 μm. L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; GCL, ganglion cell layer; and ON, optic nerve. Each point on the graph represents total counts from an individual embryo. *= p < 0.05, **= p > 0.001, and ***= p > 0.0001.
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FIGURE 8. Cone photoreceptor development relies on sufficient levels of Cdhr1a. Confocal stacks of heat shocked (HS) Tg[TαC:eGFP] (wildtype) and Tg[hsp70:siah1]/Tg[TαC:eGFP] (siah1) embryos or those injected with cdhr1a mRNA or cdhr1aLMA mRNA were analyzed in 3D for GFP fluorescence. Quantification was restricted to the ventral retina (A–D). Injection of both wildtype and the LMA variant of cdhr1a mRNA resulted in numbers of GFP + cone cells comparable to that of wildtype (E). Scale bar = 50 μm. ***= p < 0.0001.


To further extend our analysis, we also attempted rescue of the Siah1 HS phenotype using the Cdhr1a degron mutant construct, cdhr1aLmA. Based on the insensitivity of Cdhr1aLmA to Siah1 activity we predicted it would have an enhanced rescue effect. Single cell embryos were injected with cdhr1aLmA mRNA and subjected to our HS protocol. Strikingly, cdhr1aLmA was more efficient at protecting rod (Figures 7C,G) and cone cells (Figures 8A–D) from the effects of Siah1 overexpression than WT cdhr1a. In particular, injection of cdhr1aLmA resulted in significantly more XOPS:GFP + mature rod photoreceptor cells compared to WT cdhr1a (Figures 7D,H). Both WT and LmA were able to rescue the number of TaC:eGFP positive cones, but with LmA having a much tighter distribution (Figure 8E). Taken together, we show that deficiencies in rod and cone photoreceptor development upon induction of Siah1 activity correlate with levels of Cdhr1a protein. We therefore conclude that Siah1-mediated regulation of Cdhr1a protein levels is important during photoreceptor development.

Finally, to directly ascertain a functional role for Cdhr1a during photoreceptor development, we analyzed rod and cone status upon inactivation of Cdhr1a using CRISPR/Cas9. In order to achieve high efficiency cutting in the F0 generation we injected two Alt-R-CRISPR crRNAs targeting adjacent regions of cdhr1a coding sequence. Genomic PCR analysis indicated a cutting success rate of 75% + in our injected embryos (Supplementary Figure 6). Cdhr1a crRNAs were injected into Tg[XOPS:GFP] or Tg[TαC:eGFP] embryos, grown up to 72 hpf, screened for CRISPR cutting and analyzed for rod and cone phenotypes (Figure 9). Embryos predicted to harbor insertions or deletions were analyzed for cdhr1a levels in the ONL via IHC. As expected, we failed to detect Cdhr1a signal in the ONL of embryos injected with cdhr1a crRNAs while seeing no effect in embryos injected with control Golden crRNA (Figure 9A). Similar to Siah1 over activation, CRISPR-induced loss of Cdhr1a function led to a significant decrease in cone and rod cells (Figures 9B–E). This result further supports our findings that Cdhr1a is necessary for rod and cone development and/or survival and that Siah enzymes may regulate this process.
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FIGURE 9. CRISPR-induced loss of Cdhr1a function hinders rod and cone cell development. Cdhr1a protein localization (red) was determined using IHC in retinal cryosections from 4 dpf old Golden crRNA or cdhr1a crRNA injected embryos (A). Confocal stacks of Alt-R-CRISPR crRNA injected Tg[TαC:eGFP] embryos analyzed in 3D for GFP fluorescence at 96 hpf. Golden crRNA, targeting non-coding sequence is used as a negative control (B). Quantification of whole retina fluorescence intensity normalized to retinal area. Each point on the graph represents an individual embryo (C). Confocal stacks of Alt-R-CRISPR crRNA injected Tg[XOPS:GFP] embryos analyzed in 3D for GFP fluorescence at 4 dpf. Golden crRNA, targeting non-coding sequence is used as a negative control (D). Quantification of XOPS:GFP positive rod cells in the ventral retina. Each point on the graph represents an individual embryo (E). DNA was stained with DAPI (blue). Scale bar = 50 μm. L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; and GCL, ganglion cell layer. ***= p < 0.0001.




DISCUSSION

Several studies in the past decade have associated mutations in the human CDHR1 gene with cone-rod dystrophies (Bolz et al., 2005; Henderson et al., 2010; Ostergaard et al., 2010; Cohen et al., 2012; Duncan et al., 2012; Ba-Abbad et al., 2013; Bessenyei and Oláh, 2014; Nikopoulos et al., 2015; Arno et al., 2016; Riera et al., 2017; Stingl et al., 2017; Fu et al., 2018). While the mechanism as to how loss of CDHR1 function affects pathogenesis of cone-rod dystrophies is unknown, several studies have reinforced its importance to photoreceptor cell biology by characterizing its protein localization (Rattner et al., 2001, 2004; Burgoyne et al., 2015) and necessity for photoreceptor disk renewal (Ostergaard et al., 2010). In particular, it has been shown that CDHR1 links immature disks to the inner segment prior to their incorporation into the outer segment (Burgoyne et al., 2015). However, none of the current studies examined in detail whether CDHR1 had any involvement in vertebrate photoreceptor cell development. This is of particular note, especially when considering possible inheritable associations with cone-rod dystrophy predisposition. In this study we describe a post-translational modification mechanism, controlled by the Siah1 E3 ubiquitin ligase, which regulates the stability of Cdhr1a to mediate vertebrate photoreceptor cell maturation, and survival. Our work outlines the first observation of a functional role for Siah1 and Cdhr1a during photoreceptor development, which may in future studies be utilized to examine the mechanism of cone-rod dystrophy pathogenesis.

Cdhr1 encodes a photoreceptor cell specific cadherin; a single-pass transmembrane glycoprotein with calcium-dependent adhesive abilities as well as signaling functions. Cadherin extracellular domains contain several tandem repeats of negatively charged amino acids which are responsible for interaction with extracellular molecules including other cadherins (Babb et al., 2005; Pontoriero et al., 2009; Clendenon et al., 2012). During eye development, cadherins have been implicated in the separation of the invaginated lens vesicle from the surface ectoderm (Pontoriero et al., 2009), initiation and elongation of the RGC axons and dendrites (Masai et al., 2000; Lele et al., 2002; Malicki et al., 2003; Babb et al., 2005), differentiation of RGC and amacrine cells (Babb et al., 2005; Clendenon et al., 2012), activation of proliferation in the eye primordium (Pujic and Malicki, 2001; Malicki et al., 2003; Babb et al., 2005), and retinotectal axon projection (Clendenon et al., 2012). In line with previous studies (Rattner et al., 2001, 2004; Burgoyne et al., 2015), we confirmed cdhr1a gene expression and protein localization to be specifically in the base of the outer segment of zebrafish rod and cone photoreceptor cells. Zebrafish Cdhr1a protein localized to a narrow stalk region, known as the connecting cilium of the photoreceptor cell. The connecting cilium bridges the outer segment with the cell body and is critical for proper trafficking of proteins, like rhodopsin, from the cell body to the outer segment (Eblimit et al., 2018). This region is also the site of new disk assembly and release during maintenance of rod outer segments. Mutations in structural proteins of this region are known to associate with juvenile Retinitis Pigmentosa (Eblimit et al., 2018), highlighting its relevance in photoreceptor cell development. Furthermore, cadherins, through their cytoplasmic domains are able to link with the cytoskeleton by interacting with catenins (Pontoriero et al., 2009). These interactions are responsible for maintaining polarization of the highly stratified epithelial tissues, such as the retina (Clendenon et al., 2012). When cells of epithelial tissues have blocked their ability to maintain cellular adhesion with the surrounding cells or the extracellular matrix by the loss of cadherin function, for example, they undergo a process of apoptosis called anoikis (Pontoriero et al., 2009).

Our observation that zebrafish Cdhr1a protein localizes to the connecting cilium as soon as photoreceptor cells are formed reinforces the notion of CDHR1’s importance to photoreceptor biology. However, we lacked an understanding of its regulation. Our FWISH results indicated that expression of siah1 and siah2l co-localizes with cdhr1a in the ONL from 3 and up to 5 dpf of the zebrafish retina. Furthermore, using a cell culture model, we were able to demonstrate direct interaction, via co-IP experiments, and showed that Siah1 targets Cdhr1a for proteasomal degradation. In addition, we show that inactivation of the Siah1 E3 domain (siah1ΔRING), proteasomal inhibition (MG132), or mutation of the Siah1 degron motif (cdhr1aLmA) prevents Cdhr1a degradation. Taken together, our data strongly supports that Cdhr1a is a direct target for Siah1 and that both are expressed in the same place and at the same time.

To examine the consequences of Siah1-mediated regulation of Cdhr1a stability during photoreceptor development we used a HS mediated overexpression approach. This enabled us to control the timing and extent of Siah1 overactivation. In particular we wanted to avoid interfering with early embryonic development so as to prevent non-specific phenotypes. Siah1 overexpression resulted in a significant decrease in the amount of rod and cone photoreceptor cells. All other retinal cell types were unaffected by Siah1 overexpression. The reduction in rods and cones coincided with a significant increase in TUNEL + apoptotic cells in the retina, and in particular in the ONL (Figure 6D). As expected, inhibition of proteasome activity rescued the Siah1 overactivation phenotype. The cell death we noted could result from cellular loss of contact with the extracellular matrix and/or neighboring cells mediated by Cdhr1a in photoreceptor precursor cells. Recently, a mouse conditional double knockout for E and N-cadherin had increased number of TUNEL-positive cells in the lens (Pontoriero et al., 2009). Cell death was also noted in the retina of cdh11 and cdh4 morphants (Babb et al., 2005; Clendenon et al., 2012). Interestingly, when we injected WT or the LmA Siah insensitive cdhr1a mRNA and overactivated Siah1, rod and cone photoreceptor numbers were rescued. We therefore propose that Cdhr1a stability in the presence of excess Siah1 is critical for photoreceptor cell survival during development. TUNEL positive cells were observed not only in the ONL, but also in other retinal regions. This may represent apoptosis of progenitor cells that are in the process of migrating to the ONL. The fact that overactivation of Siah1, which will lead to a decrease in Cdhr1a protein levels, leads to increased apoptosis and ultimately significant reduction in rods and cones partially supports this hypothesis. In addition, results from Alt-R-CRISPR crRNA injections, which have been shown to be highly efficient in generating biallelic indel mutations and therefore enable examination of phenotypes in F0s, indicate that loss of Cdhr1a function also leads to a decrease in rods and cones (Figure 9).

When comparing our results to those of previous studies (Rattner et al., 2001, 2004; Burgoyne et al., 2015), we propose three potential roles for Cdhr1a during photoreceptor development. First, based on its cadherin function, Cdhr1a may be required for the organization of cytoskeletal elements at the base of newly forming outer segments. In its absence, failure of outer segment formation may trigger apoptosis and subsequent reduction in photoreceptor cells. Second, Cdhr1a, via its extracellular domains, could interact with extracellular matrix in the ONL. In this proposed role, Cdhr1a contributes to either photoreceptor precursor migration and targeting or subsequent photoreceptor adhesion required for survival. The absence of Cdhr1a function could therefore either reduce the number of photoreceptor precursors reaching the ONL leading to reduction of mature rods and cones or may affect maturing rod and cone survival due to absent or improper cell-cell adhesion. Both of our hypotheses are supported by results from our Siah overexpression experiments, which lead to a reduction in Cdhr1a function. Furthermore, our model finds clear support from the transcriptomic analysis recently employed by Kaewkhaw et al. (2015) showing increased levels of CDHR1 in photoreceptor progenitor cells during differentiation in 3D human retina cultures. Lastly, based on its localization, Cdhr1a is predicted to regulate the release of newly formed outer segment disks to ensure proper function of rods and cones (Burgoyne et al., 2015). One could imagine that assembly of the very first disks would also require Cdhr1a function and in its absence this process might fail and lead to apoptosis. Upon decrease of Cdhr1a levels, the connection between the innermost outer segment disks and the inner segment of the photoreceptor could weaken, preventing outer segment disk formation and eventual death of the photoreceptor prior to maturity (Figure 8). Interestingly, it currently remains unknown as to how Cdhr1a releases the disks. It may be possible that Siah1 targets Cdhr1a for degradation and this regulates the timely release of the disks. Investigating Siah1 function in juvenile and adult photoreceptors will need to be performed to assess these possibilities.

In conclusion, we provide the first direct evidence that Cdhr1a plays a critical role during photoreceptor development, maturation, and survival. Furthermore, we show that Cdhr1a is directly regulated by the UPS via interaction with Siah1. Our findings have new implications for examination of Cdhr1a-associated cone-rod dystrophy as well as the role of UPS during photoreceptor development. Future studies will focus on the exact mechanism of Cdhr1a function in both photoreceptor progenitors as well as immature rods and cones. Furthermore, it will be important to assess the role of Cdrh1a and Siah1 during retinal regeneration and adult photoreceptor outer segment maintenance. Understanding these mechanisms will be imperative to identifying therapeutic strategies for the growing population of individuals suffering from sight-threatening diseases such as cone-rod dystrophy.



MATERIALS AND METHODS


Zebrafish Husbandry and Embryo Maintenance

Zebrafish husbandry used in all procedures were approved by the University of Kentucky Biosafety office as well as IACUC Policies, Procedures, and Guidelines (IACUC protocol 2015–1380). The AB strain was used as wildtype. Transgenic lines used to visualize rod and cone photoreceptors were: Tg[XlRho:EGFP] (XOPS:GFP; Fadool, 2003) and Tg[3.2TaC:eGFP] (TαC:eGFP; Kennedy et al., 2007), respectively. Embryos were kept at 28° in E3 embryo media. At indicated times, embryos or larvae were anesthetized in tricaine and fixed with 4% PFA in PBS overnight at 4°.



Fluorescent Whole-Mount in situ Hybridization

Fluorescence whole-mount in situ hybridization was performed as a modification from previously described (Lauter et al., 2011). Embryos were permeabilized with 10 mg/mL Proteinase K for 30 min for 3 dpf embryos, 60 min for 4 dpf embryos, and 75 min for 5 dpf larvae. Digoxigenin (DIG) and fluorescein labeled (FITC) probes were synthesized by using DIG and FITC RNA labeling kit (Roche). Primer sequences are listed in Supplementary Table 1. Anti-Digoxigenin-AP, Fab fragment (ROCHE) and anti-fluorescein-AP, Fab fragment (Roche) antibodies, Fast blue (SIGMA) and Fast-red (SIGMA) were used to detect the hybridization signal. 20–30 embryos were analyzed at each timepoint in 2–3 independent experiments. Images presented are representative of the results observed.



Cryosectioning and Cell Counts

Embryos were fixed in 4% paraformaldehyde then washed overnight in 10% then 30% sucrose overnight at 4°. Transverse, 10 μm, sections collected, beginning just anterior to and ending posterior to the eye. For imaging and cell quantification, sections containing an optic nerve were used for consistency. All photoreceptors in the dorsal, central, and ventral portions of the retinal ONL were quantified. Retinal size did not vary between conditions and was therefore not used for normalization. For the HuC/D, PKCα, and Prox1 quantification, counts were conducted on 50 μm wide regions of interest, 50 μm dorsal to the optic nerve for consistency. Images presented are representative of the results observed.



Heat Shock Inducible Transgenic Zebrafish Lines

Tg[hsp70:Siah1], Tg[hsp70:Siah1ΔRING], were generated by amplification the full coding region (Siah 1: Ensembl transcript ID: ENSDART00000026679.8) from 72 hpf zebrafish cDNA. The dominant negative Siah1 construct, Siah1ΔRING, was previously described (Piedade et al., 2019). Both constructs were amplified with primers (Supplementary Table 1) containing attB for Gateway cloning into pDONR221 using BP Clonase II (Invitrogen). pDONR221 clones were verified by sanger sequencing (eurofins). Using Gateway LR Clonase II, according to the manufacturer’s protocol, (Invitrogen), pDEST constructs pDestTol2CGred (red heart marker; gift from Dr. Allison, University of Alberta) were combined with pDONR221 plasmids, the 5’ element HS promoter plasmid (p5E-hsp70) and the 3’ element (p3E-polyA) plasmid. Positive clones were verified by sanger sequencing (eurofins). Verified constructs were injected (50 pg) along with Tol2 mRNA (100 pg) and dextran-red into zebrafish zygotes. Transgenic founder embryos were screened at 48–72 hpf for heart marker fluorescence. Founders were outcrossed to wild-type and screened for germline transmission to create the F1 generation.



Heat Shock Experiment Design

For HS at all developmental stages, groups of 50 embryos were incubated at 38° for 30 min using a recirculating water bath. Embryos were then removed from the water bath and placed back in the 28° incubator in fresh EB media according to the time schedule outlined in Figure 4B. In short, embryos were shocked twice, once at 48 hpf and once at 60 hpf.



Immunohistochemistry and TUNEL Assay

Immunohistochemistry was conducted as previously described (Coomer and Morris, 2018) and imaged on a confocal microscope (Leica SP8, Leica). The following antibodies were used: anti-zCDHR1a (CDHR1a, rabbit, 1:100, Bosterbio, Pleasonton, CA, United States), anti-zSiah1 (Siah1, rabbit, 1:100, Bosterbio, Pleasonton, CA, United States), anti-Huc/D (ganglion and amacrine cells, mouse, 1:40), anti-PKCα (bipolar cells, mouse, 1:100, Santa Cruz Biotechnology, Dallas, TX, United States), anti-Prox1 (horizontal cells, rabbit, 1:1000, Acris, San Diego, CA, United States), anti-PCNA (cells in S-phase, mouse, 1:100, Santa Cruz Biotechnology, Dallas, TX, United States), and activated caspase 3 (apoptotic cells). Alexa fluor conjugated secondary antibodies (Invitrogen, Grand Island, NY, United States) and Cy-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were used at 1:200 dilution and DAPI to label nuclei (1:10,000, Sigma, St. Louis, MO, United States). TUNEL assay was conducted with ApopTag Fluorescin Direct In Situ Apoptosis Detection Kit (Millipore, Billerica, MA, United States) on retinal cryosections according to manufacturer’s instructions.



MG132 Treatment

Thirty embryos were transferred at 52 hpf (3 h post heat shock) into a 35 mm petri dish containing 5 mL E3 embryo media plus 12.5 μM MG132 (Sigma-Aldrich), or an equal volume of vehicle (DMSO, ∼0.01%) until 72 hpf. The treatment was refreshed at 61 hpf, immediately after the second HS. At 72 hpf, embryos were anesthetized in tricaine and fixed with 4% PFA in PBS overnight at 4° and washed with PBS with 0.5% Tween-20 (PBS-T) 3 times for 10 min.



DNA Constructs, mRNA Synthesis and Microinjections

All primers used are catalogued in Supplementary Table 1. Full coding domain sequences for CDHR1a (Ensembl transcript ID: ENSDART00000026679.8) were amplified and cloned into PCS2+. Cdhr1aLMA was generated by site directed mutagenesis of the WT cdhr1a construct and verified by sequencing (eurofins), then cloned into pCS2+. pCS2-CDHR1a and CDHR1aLMA plasmids were linearized with NotI (NEB). mRNA was synthesized using SP6 mMessage mMachine kit (Ambion) and purified using YM-50 Microcon columns (Amicon, Millipore). mRNA concentration was quantified using spectrophotometry. The mRNA was diluted using nuclease-free water and embryos were injected into the yolk of the embryo at single-cell stage. 100 pg of mRNA was used as indicated in the results section.



Transfection, Co-immunoprecipitation and Western Blotting

For HEK 293 cells transfections, full coding domain sequences for Siah1, Siah1ΔRING, CDHR1a, and CDHR1a LMA were amplified and cloned into pCIG2 using In-Fusion HD cloning Plus (Takara). Primers for Siah1 and Siah1DRING included a MYC tag while primers for CDHR1a and CDHR1aLMA included a single FLAG tag. All constructs were verified using sanger sequencing. The HEK 293 cells were cultured at 37° in DMEM media until they 80% confluency and transfected using TransIT-LT1 Transfection Reagent (Mirus) at 37° for 24 h. Where indicated, treatment with 10 μM of MG132 for the last 4 h of transfection was performed. Co-IP was performed using lysates from cells treated with MG132 for 6 h prior to lysis. Western blotting and co-IP were performed as previously described (Piedade et al., 2019).



Microscopy and Quantification

For the FWISH, embryos were mounted in 1% low-melting agarose in a glass bottom fluorodish (World Precision Instruments) prior to imaging using Nikon C2 confocal under the 20X (0.95 na) objective. For IHC, the slides were mounted in 40% glycerol (PBS) with coverslips and then imaged using either a Nikon C2 confocal under the 20X (0.95 na) and 60X (1.4 na) objectives or Leica SP8 confocal under the 20x (0.7 na) objective. Images were adjusted for contrast and brightness using Adobe Photoshop. Quantification of XOPS:GFP and TaC:eGFP positive cells was performed from 3D stacks of specifically the ventral retina using a standardized area of interest that included all the cells in the region. Stacks were collected at 3 μm intervals to generate a volume that encompasses all of the fluorescent signal. 3D rotation software (Elements, Nikon) was used render the images and quantify the number of cells in the volume. Images presented are representative of the results observed.



Statistical Analysis

Two-factor analysis was done by Unpaired Students t-test using GraphPad1. Data are shown as mean ± St. dev. By conventional criteria, a P value of less than 0.05 was considered significant. ANOVA analysis was performed using Prism8. ∗p < 0.05, ∗∗p < 0.001, and ∗∗∗p < 0.0001.



Alt-R-crRNA CRISPR Injections

Alt-R cdhr1a and golden crRNA, tracrRNA was pre-designed and synthesized by IDT. crRNAs used were: Dr.Cas9.CDHR1A.1.AB and Dr.Cas9.CHDR1A.1.AE. Golden crRNA was custom synthesized by IDT according to sequence from Hoshijima et al. (2019). Duplex formation and dilution with Alt-R Cas9 v.3 enzyme was carried out as described by Hoshijima et al. (2019).
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Supplementary Figure 1 | Siah1 overexpression decreases the number of rods and cones. Confocal stacks of heat shocked (HS) Tg[XOPS:GFP] (wildtype), Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1), and Tg[hsp70:siah1ΔRING]/Tg[XOPS:GFP], (siah1ΔRING) embryos were collected analyzed in 3D for GFP fluorescence (A–C). Region analyzed and presented is outlined in yellow. Overexpression of Siah1 resulted in significantly fewer GFP + rod cells (G). Confocal stacks of heat shocked (HS) Tg[TαC:eGFP] (wildtype), Tg[hsp70:siah1]/Tg[TαC:eGFP] (siah1), and Tg[hsp70:siah1ΔRING]/Tg[TαC:eGFP], (siah1ΔRING) embryos were analyzed in 3D for GFP fluorescence (D–F). Region analyzed and presented is outlined in yellow. Overexpression of Siah1 resulted in significantly fewer GFP + cone cells (H). Scale bar = 50 μm.

Supplementary Figure 2 | Inner retinal neurons are not affected by Siah1 overexpression. Retinal cryosections from wildtype, Tg[hsp70:siah1] (siah1), and Tg[hsp70:siah1ΔRING] (siah1ΔRING) embryos heat shocked (HS) and analyzed for effects on retinal inner neurons using IHC. Retinal ganglion and amacrine cells were visualized and quantified using Huc/D staining (A–D). Bipolar cells were visualized and quantified using PKCα (E–H). Horizontal cells were observed and quantified using prox1 staining (I–L). DNA was stained with DAPI (blue). Scale bar = 50 μm. L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; GCL, ganglion cell layer; ON, optic nerve; D, Dorsal; and V, Ventral.

Supplementary Figure 3 | Siah1 does not affect retinal cell proliferation or cell cycle progression. Retinal cryosections from wildtype, Tg[hsp70:siah1] (siah1), and Tg[hsp70:siah1ΔRING] (siah1ΔRING) embryos heat shocked (HS) and analyzed for cell cycle status using PCNA (A–C) and PH3 (D–F) IHC staining. Number of PCNA or PH3 positive cells did not significantly change upon Siah1 overexpression (G,H). DNA was stained with DAPI (blue). Scale bar = 50 μm. L, lens; ONL, outer nuclear layer; INL, Inner nuclear layer; GCL, ganglion cell layer; ON, optic nerve; D, Dorsal; and V, Ventral.

Supplementary Figure 4 | Proteasome inhibition rescues Siah1 overexpression phenotype. Confocal stacks of heat shocked (HS) Tg[XOPS:GFP] (wildtype), Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1), and Tg[hsp70:siah1ΔRING]/Tg[XOPS: GFP], (siah1ΔRING) embryos treated with DMSO or MG132 were collected analyzed in 3D for GFP fluorescence. Quantification was restricted to the ventral retina (A–D). Treatment with MG132 prevented a significant decrease in GFP + rod cells compared to DMSO in siah1 HS embryos (E). Confocal stacks of heat shocked (HS) Tg[TαC:eGFP] (wildtype), Tg[hsp70:siah1]/Tg[TαC:eGFP] (siah1), and Tg[hsp70:siah1ΔRING]/Tg[TαC:eGFP], (siah1ΔRING) embryos treated with DMSO or MG132 were analyzed in 3D for GFP fluorescence. Quantification was restricted to the ventral retina (F–I). Treatment with MG132 prevented a significant decrease in GFP + cone cells compared to DMSO in siah1 HS embryos (J). Scale bar = 50 μm.

Supplementary Figure 5 | Time course of retinal apoptosis following siah1 or siah1ΔRING heat shock. Retinal cryosections from heat shocked Tg[hsp70: siah1] (siah1), and Tg[hsp70:siah1ΔRING] (siah1ΔRING) embryos were analyzed using IHC for apoptosis using TUNEL staining (red) at various time points (A–E’). DNA was visualized using DAPI (blue). Heat shock induction of siah1ΔRING expression had little effect on induction of retinal apoptosis between 52–72 hpf (A–F). Heat shock induction of siah1 resulted in a significant increase of apoptotic cells in the retina beginning at 60 hpf and up to 72 hpf compared to siah1ΔRING (A’–E’, F). Each point on the graph represents counts from individual embryos (F).

Supplementary Figure 6 | Genomic PCR screen for CRISPR induced insertion or deletion. Genomic DNA collected from injected embryos was used to amplify ∼250 bp amplicon from cdhr1a coding sequence. Golden crRNA control injected embryos all display a strong 250 bp band (embryos 1–3, 14–16). When examining PCR products from cdhr1a crRNA injected embryos various combinations of insertion or deletion products were amplified (embryos 4–13 and 17–26.
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In recent years, zebrafish have become commonly used as a model for studying human traits and disorders. Their small size, high fecundity, and rapid development allow for more high-throughput experiments compared to other vertebrate models. Given that zebrafish share >70% gene homologs with humans and their genomes can be readily edited using highly efficient CRISPR methods, we are now able to rapidly generate mutations impacting practically any gene of interest. Unfortunately, our ability to phenotype mutant larvae has not kept pace. To address this challenge, we have developed a protocol that obtains multiple phenotypic measurements from individual zebrafish larvae in an automated and parallel fashion, including morphological features (i.e., body length, eye area, and head size) and movement/behavior. By assaying wild-type zebrafish in a variety of conditions, we determined optimal parameters that avoid significant developmental defects or physical damage; these include morphological imaging of larvae at two time points [3 days post fertilization (dpf) and 5 dpf] coupled with motion tracking of behavior at 5 dpf. As a proof-of-principle, we tested our approach on two novel CRISPR-generated mutant zebrafish lines carrying predicted null-alleles of syngap1b and slc7a5, orthologs to two human genes implicated in autism-spectrum disorder, intellectual disability, and epilepsy. Using our optimized high-throughput phenotyping protocol, we recapitulated previously published results from mouse and zebrafish models of these candidate genes. In summary, we describe a rapid parallel pipeline to characterize morphological and behavioral features of individual larvae in a robust and consistent fashion, thereby improving our ability to better identify genes important in human traits and disorders.
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INTRODUCTION

Zebrafish (Danio rerio) are freshwater teleost fish widely used to study genes important in human diseases and traits, including neurological disorders such as autism-spectrum disorder [ASD; see review from Meshalkina et al. (2018)], intellectual disability (ID), and epilepsy [see review from Grone and Baraban (2015); Sakai et al. (2018)]. The zebrafish represent a robust model for disease studies with significant genetic homology (∼70–80% of orthologous genes) with humans (Howe et al., 2013; Flicek et al., 2014). Furthermore, their small size, robust reproduction, and transparent appearance during embryonic development (Kimmel et al., 1995) facilitates more rapid and higher-throughput experiments compared to other commonly used model organisms such as rodents. The highly efficient nature of CRISPR editing applied to zebrafish (Chang et al., 2013; Jao et al., 2013; Peng et al., 2014) has led to an exponential increase in the numbers of genes that can be functionally tested via direct perturbation in embryos followed by phenotypic scoring. Studies can be performed in G0 mosaic fish due to the efficient bi-allelic disruption and phenotype presentation (Jao et al., 2013; Shah et al., 2015; Wu et al., 2018). Due to the high level of mosaicism, stable lines are readily generated allowing direct genotype-to-phenotype comparisons (Varshney et al., 2015). These approaches have successfully been applied to multiple genes in parallel in order to study their impact on neurodevelopmental features in zebrafish (Shah et al., 2015; Thyme et al., 2019). The most recent example utilized CRISPR to characterize 132 human schizophrenia gene orthologs in stable mutant zebrafish lines followed by assessment of brain morphometry, neuronal activity, and behavior, demonstrating the potential for large-scale studies of gene functions in morphology and behavior (Thyme et al., 2019). Although significant, this landmark study required considerable resources to house, cross, and phenotype individual stable mutant lines on such a large scale.

With the ease of CRISPR gene editing, our main bottleneck in analyses is quick, quantitative, and high-throughput phenotyping approaches. Currently, there are few automated imaging systems for zebrafish larvae. The Vertebrate Automated Screen Technology BioImager platform (VAST BioImagerTM) uses a capillary-based flow system to load and image 2–7 days post fertilization (dpf) zebrafish larvae coupled with 360^° rotation (Pardo-Martin et al., 2010; Teixidó et al., 2019). Characterization of the VAST system has demonstrated that larvae are not affected physically or developmentally by passage through the system tubing during imaging (Pulak, 2016). Furthermore, a number of systems have utilized successful motion monitoring of behavior of up to 96 larvae in parallel housed in plate wells, including DanioVision video tracking coupled with EthoVision software (Noldus et al., 2001). Although VAST and DanioVision provide consistent results (Teixidó et al., 2019), previous literature has not evaluated the combined use of VAST and a behavioral-tracking system to phenotype zebrafish mutants.

Here, we developed a high-throughput phenotyping protocol to maximize the use of multiple quantitative measurements of the same zebrafish at two developmental time points using automated imaging (VAST) and behavioral assays (DanioVision) to test for gross morphological defects and seizure susceptibility, respectively. To optimize our approach, we performed baseline experiments on a well characterized wild-type (WT) zebrafish line, NHGRI-1 (LaFave et al., 2014), and subsequently tested our strategy using a novel zebrafish null model of ASD-candidate gene SYNGAP1B. Morpholino knockdown of the zebrafish ortholog syngap1b was previously shown to lead to sporadic seizures, reduced brain ventricle size, and microcephaly (Kozol et al., 2015). Mutations in orthologs of syngap1b in humans and rodents lead to ASD morphological phenotypes, including seizures and microcephaly (Hamdan et al., 2011; Kozol et al., 2015). We also tested our system using a novel zebrafish null mutant model of SLC7A5, a gene implicated in ASD, microcephaly, and epilepsy in humans with neurodevelopmental phenotypes also observed in mice (Tǎrlungeanu et al., 2016). Overall, we found that our combined phenotyping platform was capable of detecting enhanced drug-induced seizure behavior in both mutant models in addition to developmental abnormalities. Coupled with CRISPR gene editing, higher-throughput screening approaches will be instrumental in scaling up functional assessment of genes important in neurodevelopment using zebrafish.



MATERIALS AND METHODS


Zebrafish Care and Husbandry

All experimental procedures and animal handling were performed in accordance with the University of California Davis and AAALAC guidelines and were approved by the Institutional Animal Care and Use Committee. Adult zebrafish from an NHGRI-1 background (LaFave et al., 2014) were housed in a modular zebrafish system (Aquaneering, San Diego, CA, United States), and all fish were kept in a 10-h dark/14-h light cycle, and 28 ± 0.5°C filtered, UV sterilized water (Kimmel et al., 1995). NHGRI-1 is an isogenic line that has been fully sequenced and was used for all of our studies. Adult zebrafish were monitored and fed two times a day: flakes (Zebrafish select diet, Aquaneering, San Diego, CA, United States) and brine shrimp (Aquaneering, San Diego, CA, United States). For experimentation, we collected eggs from randomly assigned NHGRI-1 pairs from at least 10 breeding pairs and a total of seven experiments for WT. For syngap1b mutants, we collected eggs from four breeding pairs over a total of two experiments. For slc7a5 stable mutants, we collected eggs from five breeding pairs over a total of three experiments. For the G0 slc7a5 mutants, we collected eggs from seven WT breeding pairs from one experiment and performed injections. For breeding, we kept our adult female and male fish separate overnight in a 1-L crossing tank (Aquaneering, item #ZHCT100, San Diego, CA, United States) and released them by removing the divider in the crossing tank when the lights turned on the next morning. We collected the fertilized embryos within 1 h after the fish were released. Eggs were then rinsed two times with embryo water (0.03% Instant Ocean salt in deionized water at 28 ± 0.5°C) to remove debris and plated at a maximum of 100 embryos per plate (Wilson, 2012) in standard (100 × 15 mm) Petri dishes in embryo water and incubated at 28 ± 0.5°C until they were used for experiments at 3 and 5 dpf. We used a Leica dissecting microscope (Buffalo Grove, IL, United States) to quantify, stage, monitor, and remove dead embryos daily, following previously described methods (Kimmel et al., 1995). Embryos were mixed from all clutches obtained (from crossed pairs) and randomly assigned to experimental groups and/or CRISPR microinjections.



Chemicals

Tricaine methanesulfonate (MS-222, purity ≥99%) (Thermo Fisher Scientific, Waltham, MA, United States) was prepared as 2x stocks in embryo water and diluted to its final concentration (0.02 mg/ml for VAST or 0.125% for adult zebrafish genotyping) on the day of the experiments. All zebrafish larvae that were used for morphometry experiments were exposed to MS-222 through the VAST (Union Biometrica, Holliston, MA, United States) platform. Pentylenetetrazol (PTZ; purity ≥99%, Sigma-Aldrich) and bicuculline (BCC; purity ≥97%, Sigma-Aldrich) solutions were prepared on the day of the experiments in embryo water, and their concentrations were selected based on previous studies (Baraban et al., 2005; Cassar et al., 2017) and our baseline exposure experiments.



VAST

For morphological measurements, we used the VAST instrument equipped with a large particle sampler (LP samplerTM) on fish at 3 or 5 dpf. We collected images using the VAST built-in camera and measured eye area (EA), head width, and body length (L) from single fish that were imaged ventrally and dorsally. Our parameters for VAST imaging at 3 and 5 dpf were similar with the exception of the template images, which correspond to the correct age and L, which was 3.8 mm for 3 dpf fish and 4 mm for 5 dpf larvae, following a previously described protocol (Pulak, 2016). Images were processed with FishInspector imaging software [version 1.03 (Teixidó et al., 2019)] to extract all established shapes for each measured larvae. After this, specific morphometric measurements were extracted using the R package Momocs (Bonhomme et al., 2014) with the known capillary width as a scale. Some images in FishInspector required manual correction performed by using the “edit” function. EA represented the average of both eyes, extracted by tracing the outside of each eye and measuring the area of this shape. L and head width were measured using the outline of the fish in the dorsal view and extracting the distance between the farthest most left and right (L) and top and bottom (head width) points of the fish, respectively. Pericardium area was measured by tracing the cardial sac and extracting its area. Yolk area was measured by tracing the yolk, which presents as yellow in color, and extracting its area. Manual measurements were also performed for optic tectum (OT; the distance directly behind the eyes) and telencephalon (Tel; the distance directly between the eyes) following a previously described method (Näslund, 2014). FIJI was used for the manual measurements using a set scale, taking the width of the capillary (0.6 mm) as a reference.



Behavioral Assay

Locomotor behavior screening of zebrafish larvae in round 96-well plates was performed in WT NHGRI-1 and stable mutant lines at 5 dpf using the DanioVision (Noldus, Leesburg, VA, United States) instrument. Zebrafish larvae were individually placed (one fish per well) in 100 μl of embryo water. Experiments were conducted for a total of 1 h. Habituation was performed for 10 min by incubating the 96-well plate with larvae in the DanioVision chamber (28.5°C) prior to every experiment. Then 100 μl of embryo water (0 mM PTZ) or 100 μl of 4, 20, or 30 mM PTZ (final concentration of 2, 10, or 15 mM) was added for a final volume of 200 μl per well. For experiments with BCC, addition of 100 μl of embryo water (0 μM BCC) or 100 μl of 10, or 20 μM BCC (final concentration of 5 and 10 μM) was added for a final volume of 200 μl per well. The experiment started immediately following exposure in the temperature controlled (28.5°C) DanioVision chamber. After 45 min of motion tracking with light, we implemented light flashes (three flashes for 10 s every 10 s) to assay light-induced seizurogenic activity (Zheng et al., 2018). Locomotor behavioral activity, quantified as total distance moved per min over 1 h, was recorded with EthoVision 10.0 tracking software.



Zebrafish CRISPR Mutant Generation

Mutant zebrafish lines (syngap1b and slc7a5) were created by microinjections of ribonucleic proteins (RNPs) composing of Cas9 enzyme coupled with single guide RNAs (gRNAs) (Integrated DNA Technologies, Coralville, IA, United States) following the manufacturer’s protocol (Integrated DNA Technologies; see Supplementary Table S1 for description of gRNAs). Microinjections were performed at the one-cell stage as previously described (Jao et al., 2013) using needles from a micropipette puller (Model P-97, Sutter Instruments, Novato, CA, United States), and an air injector (Pneumatic MPPI-2 Pressure Injector, Eugene, OR). Injection mixes contained 1.30 μl of Cas9 enzyme (20 μM, New England BioLabs), 1.60 of prepared gRNAs, 2.5 μl of 4x Injection Buffer (0.2% phenol red, 800 mM KCl, 4 mM MgCl2, 4 mM TCEP, 120 mM HEPES, pH 7.0), and 4.6 μl of nuclease-free water. In the slc7a5 “pooled” experiment, we injected embryos from the same crosses with three gRNAs (1.60 μl for each) and compared to a “mock” injected with the same mix sans gRNAs.



DNA Isolation and Genotyping

In order to determine the exact genetic alteration in our mutants, we performed Illumina amplicon sequencing through the Massachusetts General Hospital DNA Core Facility (Cambridge, MA, United States) using the primers found in Supplementary Table S1. Briefly, a ∼200-bp region surrounding the gRNA target site was amplified, purified using magnetic beads (AMPure XP, Beckman Coulter, Indianapolis, IN, United States), and Illumina sequenced with 2 × 150 bp reads. Paired reads were aligned to the reference target region using bwa (Li and Durbin, 2009) and the zebrafish reference genome (GRCz11/danRer11). Specific alleles were determined using the R package CrisprVariants (Lindsay et al., 2016). Genotyping stable lines was performed via PCR and SDS polyacrylamide gels or high-resolution melt curves (primers listed in Supplementary Table S1). Adult zebrafish were anesthetized in 0.125% MS-222 and a small piece of caudal fin tissue (<50% of caudal fin) was dissected for crude DNA isolation. Briefly, 100 μl of 50 M NaOH was added to the fin clip and incubated in the solution at 95°C for 20 min followed by a 10 min 4°C incubation. Then 10 μl of 5 M HCl was added to the sample to neutralize the solution. The samples were vortexed for 5 s, and the isolated DNA was used for PCR amplification and other downstream procedures. PCR amplification was performed using DreamTaq Green PCR master mix following the manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA, United States) using the Bio-Rad T100TM thermal cycler. High-resolution melt analysis was performed using SYBR green (Thermo Fisher Scientific) using the Bio-Rad CFX96 TouchTM Real Time PCR System.



Identification of Potential CRISPR Off-Targets

CIRCLE-seq libraries for each gRNA and a control (Cas9 enzyme only) were prepared following the described protocol (Tsai et al., 2017; Lazzarotto et al., 2018). Illumina sequencing (Novogene, Sacramento, CA, United States) of the libraries generated ∼5 million reads per sample that were mapped to the zebrafish reference genome (GRCz11/danRer11) to define predicted off-target sites relative to the control sample following the established CIRCLE-Seq bioinformatic pipeline (data has been deposited to the European Nucleotide Archive Accession PRJEB40101). Once potential off-target sites were defined, we PCR amplified a ∼500-bp region of G0 mosaic mutants of the top sites inside genes predicted by CIRCLE-seq (13 for syngap1b and 6 for slc7a5) (primers listed in Supplementary Table S1) and ran a polyacrylamide gel electrophoresis to identify the presence of indels at these sites by the formation of heteroduplexes (Zhu et al., 2014). Additionally, if heteroduplexes were detected, PCR reactions were cleaned-up using Ampure XP magnetic beads (Beckman Coulter), and Sanger sequenced (Genewiz, San Diego, CA, United States). We did not observe off-target indels in these sites when compared to WT siblings.



Molecular Characterization of Mutants

To quantify abundance of RNA of targeted genes in stable mutant lines, 5-dpf larvae from a cross of heterozygous mutants were quickly euthanized in a Petri dish on dry ice, and a small piece of caudal fin tissue was carefully removed from each larva for DNA extraction and genotyping via high-resolution melt curves and SDS polyacrylamide gels, as previously described (primers listed in Supplementary Table S1). The larvae were individually placed in RNAlater (Thermo Fisher Scientific, Waltham, MA, United States), and RNA extraction was performed using the RNAeasy kit (Qiagen) with gDNA eliminator columns for DNA removal. RNA concentration from all samples was obtained with the Qubit RNA BR kit (Thermo Fisher Scientific, Waltham, MA, United States). RNA levels of syngap1b or slc7a5 in stable mutant lines were evaluated using a quantitative PCR with the Luna Universal One-Step RT-qPCR kit (New England BioLabs) following the manufacturer’s protocol. Fold change values were obtained using the ΔΔCq method, with raw Cq values normalized with expression of housekeeping gene β-actin (primers listed in Supplementary Table S1) and represented as fold changes to the average of the WT samples.



Statistical Analysis

Statistical analyses were performed using R (3.5.0) for morphometric measurements and GraphPad Prism 8 software (GraphPad software, La Jolla, CA, United States) for all behavioral assays. Pearson correlation tests were used to compare manual and automated measurements. The effect of factors on morphometric measurements was evaluated using multiple regression tests with the measurement as the response variable. Principal component analysis (PCA) was performed using the R library PCAmixdata (Chavent et al., 2014), which integrates PCA with multiple correspondence analyses (MCA) to evaluate quantitative (EA, L, Tel, and OT) and qualitative (genotype) data simultaneously. Analysis of variance (ANOVA) was utilized to extract the effect of genotype in morphometric or behavioral measurements, followed by Tukey’s post hoc tests to identify differences between genotypic groups. All models tested in this project controlled for inter-batch differences by adding “Experiment” as a covariate. Kruskal–Wallis was used for behavioral analysis of mutants with a Dunn’s multiple comparison post hoc test performed for comparisons between genotypes of stable mutants. Mann–Whitney tests were performed for comparisons of behaviors in the pilot experiment of PTZ and BCC as well as for mosaic G0 pool versus mock-injected larvae. Significance from tests was defined by an alpha of 0.05.



RESULTS


High-Throughput Phenotyping of WT Zebrafish Larvae


Morphometric Phenotypes

To optimize anatomical quantifications of WT (NHGRI-1) zebrafish larvae at 3 dpf (n = 100) and 5 dpf (n = 78) using the VAST imaging platform, we performed manual measurements of eye area (EA), length (L), as well the width of the head at two sites previously shown to correlate with the telencephalon (Tel) and optic tectum (OT) (Näslund, 2014; Figure 1A). Previous work has demonstrated that larval development is not affected by passage through the VAST system tubing (Pulak, 2016). Using the same images, we also extracted measurements using automated analysis software FishInspector (Teixidó et al., 2019) for EA, L, and head width (defined as the widest part of the fish; see section “Materials and Methods”), as well as two additional features, pericardium area, and yolk area (Supplementary Figure S1A). By examining the normal distribution of data for a subset of features (EA and L), we flagged a proportion of larvae as outliers (3 dpf: 10%, 5 dpf: 7.7%; Supplementary Figure S1B). By visual inspection of all images, we found that less than half of the outliers represented technical errors in imaging using the VAST (e.g., full length of fish not included in the image; 3 dpf: 3%, 5 dpf: 4%), while the remaining outliers represented FishInspector software errors in automatically defining morphological features. Taking a closer look at additional measurements, including yolk and pericardium areas, as well as head width, we found that >10% of values also fell outside of the confidence interval based on a normal distribution, with the majority due to inaccuracies in FishInspector feature tracing. As such, we manually corrected FishInspector traces for EA, L, and head width, but chose not to move forward with yolk and pericardium area measurements due to difficulties in manual manipulations of these features in the software. Using this curated dataset, we showed significant correlations between our original manual measurements of EA [3 dpf: r(94) = 0.69, p = 1.1 × 10–14; 5 dpf: r(72) = 0.45, p = 5.7 × 10–5] and L [3 dpf: r(95) = 0.69, p = 3.3 × 10–15; 5 dpf: r(72) = 0.96, p < 2.2 × 10–16] with our corrected automated measurements (Figure 1B). Additionally, we found that our manual measures of Tel correlated better to automated measures of head width at 5 dpf [3 dpf: r(95) = 0.13, p = 0.196; 5 dpf: r(71) = 0.30, p = 0.0087], while OT correlated with head width at both ages [3 dpf: r(95) = 0.46, p = 1.6 × 10–6; 5 dpf: r(72) = 0.35, p = 0.0024]. Based on these results, we proceeded with quantifying VAST images via FishInspector automated measurements for EA and L and manual measurements of Tel and OT as a proxy for brain size (Figure 1C).
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FIGURE 1. Morphometric-phenotype assessment of larvae at 3 days post fertilization (dpf) and 5 dpf. (A) Larval fish were imaged in three orientations (dorsal, right lateral, and left lateral) using the VAST system. Morphometric features were obtained manually using Fiji [body length (L), eye area (EA), telencephalon (Tel), and optic tectum (OT)] and automatically using FishInspector (L, EA, head width, pericardium area, and yolk area). (B) Manual and automated measurements were compared with L and EA (averaged between both eyes) showing high correlations at 3 dpf (n = 97) and 5 dpf (n = 73) (Pearson correlation). Blue line represents the fit of a linear model with 95% confidence intervals. (C) Boxplots pictured represent distribution of measurements for larval morphometric features obtained via automated (L and EA) and manual (Tel and OT) methods. Boxplots include the median value (dark line), and the whiskers represent a 1.5 interquartile range.




Behavioral Phenotypes

A number of studies have used motion tracking to characterize locomotor behavior and seizure susceptibility in order to assay neurological phenotypes in zebrafish larvae (Afrikanova et al., 2013; Kozol et al., 2015; Zheng et al., 2018). Previous work using the chemical convulsant PTZ has identified a concentration-dependent difference in distance, velocity, and swim activity (Baraban et al., 2005; Bandara et al., 2020). To verify our ability to recapitulate these results, we subjected larvae (5 dpf) to varying concentrations of two GABAA receptor antagonists, PTZ (2, 10, and 15 mM; n = 12), a selective antagonist, as well as BCC (0, 5, and 10 μM; n = 10), a non-selective antagonist. We then tracked their movement over 1 h with a brief flashing of lights after 45 min using the DanioVision motion-tracking system (Figure 2). We quantified the average distance of larval movement per min over the entire 1 h and over the last 15 min after being subjected to flashing light, respectively. For maximum concentrations of BCC (10 μM) and PTZ (15 mM), we observed significantly reduced movement overall versus lower concentrations in the final 15 min (p < 0.05 for BCC and PTZ; Mann–Whitney test) and over the entire 1 h (p < 0.05 for BCC only; Mann–Whitney test), suggesting that the larvae experienced what is known as stage III clonic-like seizures, consistent with published results with 15 mM PTZ (Baraban et al., 2005). We note that in our experiment, the larvae treated with 15 mM PTZ initially experienced greater movement that gradually subsided at ∼10 min, consistent with our finding that significant differences were only observed with this treatment across the final 15-min comparison. We found the strongest effect on distance moved (mean distance = 166.88 mm) with the lowest variance (SD = 27.17) using 10 mM PTZ, a concentration with little morbidity, in concordance with previous studies (Baraban et al., 2005; Afrikanova et al., 2013).
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FIGURE 2. Behavioral phenotype assessment of larvae at 5 dpf using motion tracking. Larvae treated with varied concentrations of GABAA antagonizing drugs (A) Bicuculline (BCC) (0 to 10 μM; n = 10) or (B) Pentylenetetrazol (PTZ) (0 to 15 mM; n = 12), respectively, were tracked using DanioVision and total distance moved per minute measured for 1 h. With 15 min remaining (indicated by an arrow), larvae were subjected to flashing lights for 1 min. The average movement per fish across 60 min and in the last 15 min following flashing lights are indicated as boxplots for each drug concentration. Left plots include the mean distance per minute and with error bars representing standard error of the mean.




Optimization of a Combined Morphological and Behavioral Phenotyping Platform

Although previous studies have shown the utility of VAST and DanioVision platforms to independently characterize phenotypes in a high-throughput fashion, we sought to identify optimal parameters to utilize these approaches in combination at multiple developmental time points in individual zebrafish larvae while also minimizing impacts on traits. WT NHGRI-1 embryos (n = 992) collected across seven experiments were placed in 96-well plates and subjected to varied measurements/treatments, including VAST imaging at 3 dpf, behavioral tracking at 5 dpf using the DanioVision with (10 mM) or without (0 mM) PTZ, and VAST imaging at 5 dpf (Figures 3A, Supplementary Figure S2, and Supplementary Table S2). Using our combined dataset, we found that larvae subjected to VAST at 3 dpf exhibited smaller measurements at 5 dpf for EA (15.2% decrease, p = 4.85 × 10–4), Tel (13.6% decrease, p = 1.36 × 10–2), and OT (4.5% decrease, p = 7.77 × 10–4), in addition to a notable decrease in the average movement observed during the behavioral assays (0 mM PTZ; average movement 1 h: 47.7% decrease, p = 0.046, average movement last 15 min: 60.9% decrease, p = 0.017) (Table 1, Figures 2A, and Supplementary Figure S3). Treating larvae with PTZ during our behavioral screen also had an effect on morphometric measurements at 5 dpf, with larvae exhibiting a reduction of 4.3% in EA (p = 8.77 × 10–3), 3.3% in L (p = 3.89 × 10–9), 10.2% in Tel (p = 2.28 × 10–3), and 3.1% in OT (p = 5.53 × 10–4). Additionally, we observed an increase in mortality (∼4%) for PTZ-treated versus untreated larvae. As such, we moved forward with a final phenotyping platform that included VAST imaging at 3 dpf followed by motion tracking at 5 dpf with half of the larvae treated with (10 mM) or without (0 mM) PTZ. To minimize PTZ effects on morphometric measurements and mortality, we performed final VAST imaging at 5 dpf only in larvae not treated with the drug (Figure 3B). We determined that ∼50 fish are needed per genotype in order to detect a >4% change between groups for morphometric features at 5 dpf at 80% power using our “optimized” assay, though for certain traits (OT and Tel), far fewer fish are required (Supplementary Table S3 and Supplementary Figure S4).


[image: image]

FIGURE 3. High-throughput zebrafish larvae phenotyping platform. (A) Impact of morphometric (L, EA, Tel, OT) and behavioral (average movement for the entire 1 h and the final 15 min following flashing lights) measurements for 5 dpf larvae for fish not subjected (0) and subjected (1) to VAST measurements at 3 dpf are shown as boxplots. Behavior was also plotted at varied PTZ concentrations (red = 0 mM and blue = 10 mM). Total numbers of measured larvae are indicated beneath plots subjected to 0 mM (red) or 10 mM (blue) PTZ treatment. Boxplots for morphological and behavioral measurements include the median value (dark line), and the whiskers represent a 1.5 interquartile range. (B) The final combinatorial phenotyping platform is pictured, which combines two morphometric measurements (3 and 5 dpf) and behavioral tracking (5 dpf) with 0 mM and 10 mM PTZ, followed by genotyping of larvae.



TABLE 1. Summary effect size and significance for each treatment per measurement.

[image: Table 1]


Proof of Concept Using a Stable Zebrafish Mutant Model of SYNGAP1

Though the platform itself impacts morphometric and behavioral features in WT larvae, we hypothesized that the effects would be equal across all fish, thus making it possible to parse genotype effects on development and behavior in mutant larvae. To test this, we used CRISPR to generate a null mutant zebrafish model of human SYNGAP1, a gene encoding neuronal Ras and Rap GTPase-activating proteins. Heterozygous (het) mutations of SYNGAP1, important for synaptogenesis and regulation of excitatory synapses (Rumbaugh et al., 2006; Walkup et al., 2015), are associated with neurodevelopmental disorders, including epilepsy, ASD, and ID (Gamache et al., 2020). A previous study using morpholinos targeting mRNAs encoding the two zebrafish orthologs of the gene (Supplementary Figure S5A) syngap1a and syngap1b showed malformed mid- and hindbrain [48 h post fertilization (hpf)], developmental delay (48 hpf), and spontaneous seizures, correlated to an observed decrease in GABA neurons in the mid- and hindbrain, specific to the syngap1b morphant larvae at 3 dpf (Kozol et al., 2015). Although functional domains from syngap1a and syngap1b are conserved in zebrafish, the characterization of syngap1a was not performed in the aforementioned study due to low penetrance of the morpholino and toxicity of using higher doses (Kozol et al., 2015). The longitudinal expression profile of syngap1b is relatively low until 30 hpf based on previously published RNA-seq data (White et al., 2017; Supplementary Figure S5B), suggesting that morpholinos, which are best suited for knocking down early developmental genes, may not represent an optimal approach to characterize syngap1b. As such, we generated a stable mutant line syngap1btup1 carrying a 23-bp frame-shifting deletion predicted to produce a transcript encoding a 213-amino acid protein (84.12% shorter than the full-length protein) (Figure 4A). Larvae carrying the deletion exhibit reduced expression of syngap1b in a dosage-dependent fashion, with hom mutants quantified as having the least amount of transcript (Supplementary Figure S5C). This suggests that mutant transcripts undergo nonsense-mediated decay (NMD) resulting in a loss of gene function. To ensure that any phenotype produced in syngap1btup1 was not a product of off-target mutations, we also assayed the top 13 genetic loci predicted by CIRCLE-seq (Tsai et al., 2017) to be edited and detected no indels (Supplementary Table S1 and Supplementary Figure S5D), including in the syngap1a paralog.
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FIGURE 4. syngap1b CRISPR mutants exhibit developmental defects and enhanced seizures. (A) The zebrafish mutant line syngap1btup1/tup1 was generated using a single gRNA targeting the third exon of the gene resulting in a 23-bp deletion leading to a frameshift. (B) Principal component analysis (PCA) of combined morphometric traits at 3 and 5 dpf colored by genotype. (C) The three traits found to be significantly increased in het (purple) and hom (red) mutant versus WT (gray) siblings included EA, OT, and Tel at 3 dpf, displayed as box plots with total numbers of larvae measured indicated in the EA plot (∗∗p < 0.01 using a Tukey post hoc test). Boxplots include the median value (dark line) and the whiskers represent a 1.5 interquartile range. (D) Behavioral data from DanioVision motion tracking shows significant increased distance moved over the entire 1 h for het versus WT siblings (∗p < 0.05 using a Dunn’s multiple comparison post hoc test). The left plot indicates the mean distance per minute with error bars representing standard error of the mean. Indicated by the arrow, at 45 min fish were subjected to light flashing (see Materials and Methods). The box plot shows the mean for the 1 h behavioral assay, the median value (dark line) and the whiskers represent a 1.5 interquartile range.


We collected data on siblings (n = 124) produced by crossing syngap1btup1/+ lines, creating a mix of WT, het, and homozygous (hom) larvae, using our multiphenotyping platform (Supplementary Table S4). We observed a skew in genotype frequency (n = 48 het, n = 33 hom, and n = 43 WT; p = 0.02 χ2 test) from the expected Mendelian distribution suggesting that syngap1btup1 mutants (and particularly het larvae) may be less viable compared to their WT siblings. We did not observe an enrichment of larvae carrying mutant alleles falling outside of a normal distribution of morphometric measurements, ruling out highly penetrant developmental defects associated with null mutations of syngap1b (Supplementary Figure S5E). Considering all morphometric data in combination, we performed a PCA and identified that L, EA, OT, and Tel all contributed significantly to the dispersion of our data (all squared loadings >0.60 for first dimension) (Supplementary Table S5 and Figure 4B). Therefore, we analyzed our morphometric data using models that included each measurement as a covariate to identify individual effects of syngap1b genotype. This combined approach revealed larger EA (4.6% increase, p = 4.16 × 10–5 Tukey’s post hoc), OT (3.1% increase, p = 2.7 × 10–6 Tukey’s post hoc), and Tel (4.1% increase, Tukey post hoc: p = 0.016) in hom syngap1btup1/tup1 larvae at 3 dpf relative to their WT siblings (Supplementary Table S5 and Figure 4C). EA was also suggestive to be larger on hom syngap1btup1/tup1 at 5 dpf (p = 0.053 Tukey post hoc). Notably, hom syngap1btup1/tup1 larvae did not exhibit increased L (3 dpf: p = 0.267; 5 dpf: p = 0.348 Tukey post hoc) suggesting that mutant larvae were not generally larger overall. Next, we assessed seizure susceptibility of larvae when treated with PTZ and found a significant increase in movement for het syngap1btup1/+–mutants (mean distance = 177.38 mm, p = 0.047 Dunn’s multiple comparison post hoc) compared with their WT siblings (mean distance = 138.50 mm) (Supplementary Table S6 and Figure 4D). Surprisingly, despite the developmental defects observed in syngap1btup1/tup1 mutants, no significant behavioral difference was observed for hom mutants (mean distance = 150.56 mm) versus WT siblings. We note that from 10 to 45 min hom mutants appear to exhibit greater movement compared to WT suggesting altered seizure behavior, although different from het mutant siblings, which exhibit greater movement across these same timepoints. Comparing genotype effects in larvae not treated with PTZ resulted in no significance overall (Supplementary Figure S5F).



A Novel Zebrafish Model for ASD-Candidate Gene SLC7A5

Recently, recessive mutations of SLC7A5 were reported in children with ASD, microcephaly, and seizures (Tǎrlungeanu et al., 2016). This gene encodes large neutral-amino-acid transporter 1 (LAT1), an essential channel present at the blood–brain barrier in epithelial cells, that facilitates the movement of branched-chain amino acids and other large neutral amino acids from the periphery into the brain (Napolitano et al., 2015). “Knockout” mouse models recapitulated several phenotypic features observed in patients, including ASD-related behaviors, motor coordination abnormalities, and alterations in inhibitory and excitatory neuronal communication. We tested if the knockout of the single zebrafish ortholog slc7a5 resulted in similar neurodevelopmental defects (Supplementary Figure S6A). Using published RNA-seq whole-embryo data (White et al., 2017), we found that slc7a5 is expressed starting between 6 and 24 hpf followed by a steady increase throughout larval development (Supplementary Figure S6B). To model a complete hom recessive knockout, we generated the stable mutant line slc7a5tup1 carrying an 18-bp deletion predicted to encode a truncated protein of 17 amino acids (96.75% shorter than the full-length protein) (Figure 5A). Using qRT-PCR, we quantified reduced expression in larvae carrying the deletion, with hom mutants exhibiting the lowest transcript abundance (Supplementary Figure S6C). Like our syngap1b mutant, this suggests that transcripts carrying the frame-shift variant are subject to NMD and result in loss of gene function. We verified that no insertions or deletions (indels) existed at the top six off-target sites impacting genes as predicted by CIRCLE-seq that might contribute to phenotypes (Supplementary Table S1 and Supplementary Figure S6D).


[image: image]

FIGURE 5. slc7a5 CRISPR hom mutants exhibit moderate developmental delay and enhanced seizures with flashing lights. (A) The zebrafish mutant line slc7a5tup1/tup1 was generated using a single gRNA targeting the first exon of the gene resulting in an 18-bp deletion leading to a frameshift. (B) PCA of combined morphometric traits at 3 and 5 dpf colored by genotype. (C) The three traits found to be significantly increased in het (purple) and hom (red) mutant versus WT (gray) siblings included L, EA, and OT at 3 dpf, displayed as box plots with total numbers of larvae measured indicated in the EA plot (∗p < 0.05; ∗∗p < 0.01 using a Tukey post hoc test). Boxplots include the median value (dark line), and the whiskers represent a 1.5 interquartile range. (D) Behavioral data from DanioVision motion tracking shows significant increased distance moved over the final 15 min following flashing lights for hom versus WT siblings (∗p < 0.05 using a Dunn’s multiple comparison post hoc test). The left plot indicates the mean distance per minute with error bars represented as standard error of the mean. Indicated by the arrow, at 45 min fish were subjected to light flashing (see Materials and Methods). The box plot shows the mean for the final 15 min of the behavioral assay, and the median value (dark line) and the whiskers represent a 1.5 interquartile range.


Using data collected from siblings (n = 337) produced from het G1 crosses, we did not observe any significant mortality nor unexpected skew in genotypes (n = 161 het, n = 90 hom, and n = 86 WT; p = 0.81 χ2 test) showing that slc7a5tup1 mutants are viable compared to their WT siblings (Supplementary Table S7). Examining the distribution of morphometric data, we also did not note any enrichment of mutants in fish exhibiting outlier traits (Supplementary Figure S6E). When considering all features in combination, we noted that hom slc7a5tup1/tup1 mutants clustered separately from the other two genotypes at 3 dpf (Figure 5B). The primary traits driving this deviation were EA, OT, and L (all squared loadings >0.80 for first dimension). In models that accounted for these multiple variables simultaneously, we observed that hom slc7a5tup1/tup1 mutants exhibited significant, although modest, differences in EA (0.9% decrease, p = 7.5 × 10–3 Tukey post hoc), OT (0.1% decrease, p = 0.023 Tukey post hoc), and L (0.6% decrease, p = 9.9 × 10–3 Tukey post hoc) at 3 dpf (Supplementary Table S5 and Figure 5C). The overall reduction of EA, OT, and L suggests that larvae may experience minor developmental delay. At 5 dpf, no measurement showed differences between slc7a5 genotypes. Furthermore, we quantified significantly greater movement in PTZ-treated larvae following light flashes in the final 15 min, suggesting enhanced seizures in hom slc7a5tup1/tup1 mutants (mean distance = 141.3 mm, p = 0.013 Dunn’s multiple comparison post hoc) versus WT (mean distance = 116.7 mm) that was not detected for slc7a5tup1/+ het mutant siblings (mean distance = 122.8 mm; Supplementary Table S6, Figure 5D). This observation is in line with the recessive nature of SLC7A5 mutations associated with defects identified in children with ASD. Notably, we did not identify any significant differences across genotypes when considering distance moved over the entire 1 h nor for larvae not subjected to PTZ (Supplementary Figure S6F).

To test if our combinatorial phenotyping approach was feasible using a CRISPR G0 mosaic mutant model, we compared effects on embryos injected simultaneously with three gRNAs targeting slc7a5 (n = 101; “pool” mutant) with “mock” controls (n = 72) (Supplementary Table S8). We verified significant indel generation at each individual target site by assessing the smear produced from PCR amplicons of target sites from injected larvae ran on a polyacrylamide gel (data not shown). From this, we observed the same cluster separation between mutants and controls (Supplementary Figure S7A) as we did between WT and hom mutants (Figure 5B) at 3 dpf. We also recapitulated the reduction in L (2.4%, p = 2.5 × 10–4 Tukey post hoc), but alternatively observed an increase in OT (1.3%, p = 0.05 Tukey post hoc), which was further verified by an increase in Tel (1.6%, p = 0.01 Tukey post hoc) at 3 dpf (Supplementary Table S5 and Supplementary Figure S7B). Finally, we observed reduced movement of PTZ-treated pool mutants (mean distance = 138.4 mm) versus mock controls (mean distance = 164.8 mm) across 1 h of motion tracking using the behavioral assay (Supplementary Figure S7C), counter to results in the slc7a5tup1 stable mutants (Figure 5C), although the comparisons of the overall averages is not significant. Examination of motion-tracking video shows larvae exhibiting what appear to be stage III seizures (Baraban et al., 2005), potentially explaining the reduction in movement and suggesting a more severe phenotype may be observed in mosaic versus stable mutant lines. Less severe phenotypes have been reported in CRISPR stable mutants that produce transcripts subject to NMD compared with zebrafish subjected to morpholinos or mosaic mutations of the same gene due to compensation (El-Brolosy and Stainier, 2017; El-Brolosy et al., 2019).



DISCUSSION

Several studies have proposed morphological and behavioral phenotyping platforms for the characterization of zebrafish larvae (Pardo-Martin et al., 2010; Reif et al., 2016; Liu et al., 2017; Teixidó et al., 2019). However, previous literature has not assessed the impact of combining automated VAST morphometric and DanioVision behavioral assays in the same larvae and particularly for the purpose of testing CRISPR mutants. Here, our goal was to determine if imaging with VAST or motion tracking would alter zebrafish behavior or developmental features, in addition to optimizing parameters to maximize the number of measurements obtained for each larva. Contrary to a previous study (Pardo-Martin et al., 2010), we found that imaging 3 dpf larvae using VAST significantly impacted downstream behavior and development measured at 5 dpf. Possible contributing factors include the temporary anesthesia and physical transport through capillaries necessary for imaging larvae with VAST. We did not directly test the individual effects of these variables in our study, though Pardo-Martin et al. (2010) show they do not significantly impact downstream phenotypes in larvae imaged at 2 dpf. Further, we note the low MS-222 concentration used in our studies (76 μM or 20 mg/L) (Chang et al., 2012) would suggest that impacts on development might be minimal. Nevertheless, previous studies have shown that focal exposure to varying concentrations of MS-222 (191–574 μM) at earlier developmental time points (before 26 hpf) leads to cartilage malformations (Félix et al., 2018) and upregulation of genes associated with apoptosis (Félix et al., 2020). There is a considerable body of literature demonstrating the negative effects of anesthesia in the developing human brain (Andropoulos, 2018), with most studies finding associations with neuronal apoptosis specifically when using anesthetics. More relevant to our study is the cell death by necrosis and apoptosis observed when using local anesthetics, which act in voltage gated sodium channels, as is the case with MS-222 (Ferreira et al., 2018). However, the effects of MS-222, an anesthetic used in fish not humans, have not been well studied in the developing nervous system of zebrafish (Topic Popovic et al., 2012), and future studies are needed. Overall, despite the impacts on developmental features, the benefits of using the VAST platform are significant, as it facilitates automated measurements in living larvae thus preventing manual errors, improving consistency, and increasing speed of measurements.

To assess whether our platform was capable of identifying defects in spite of impacts on measured features, we proceeded with characterizing developmental and behavioral phenotypes of two novel CRISPR-generated mutant zebrafish lines of ASD-associated genes (SYNGAP1 and SLC7A5). We assayed a stable mutant line of syngap1b as a proof of concept, a gene that had previously been studied using morpholinos in zebrafish embryos (Kozol et al., 2015). We noted a skewed distribution of genotypes (reduced hom and het alleles versus WT) after subjecting them to our combined phenotyping assay, suggesting that mutant larvae have reduced viability, in line with perinatal lethality of hom null mutations observed in Syngap1 mouse models (Gamache et al., 2020). Our het syngap1btup1/+ mutants moved greater distances over 1 h in the presence of PTZ versus WT, suggesting they may be experiencing enhanced seizures, consistent with spontaneous seizures in syngap1b morphants (Kozol et al., 2015). In contrast, hom syngap1btup1/tup1 mutants did not significantly differ from WT or hom mutants in their overall movement, suggesting they perhaps exhibit intermediate seizure effects (Figure 4D). Notably, our assay does not currently score for spontaneous clonic seizures observed previously in morphants but may explain the reduction in movement of our hom versus het mutants; as such, automated methods to detect such behaviors in PTZ-treated and -untreated larvae from motion-tracking videos represents a future direction. Furthermore, our morphometric data suggests that syngap1btup1 het and hom mutants exhibit significantly increased head and eye sizes at 3 dpf, counter to the findings in zebrafish morphants (Kozol et al., 2015), mutant mice (Kilinc et al., 2018), and patients (Gamache et al., 2020) that exhibit reduced brain ventricle sizes and mild microcephaly. It is important to note that microcephaly phenotypes have low penetrance in SYNGAP1 zebrafish morphants and are identified in 30% of human patients carrying heterozygous mutations of the gene (Parker et al., 2015). Traits with low penetrance are difficult to detect using our higher-throughput pipeline, which compares means across groups requiring a larger number of fish to detect sporadic differences.

Finally, we generated a novel stable mutant of slc7a5, a gene never before assayed in zebrafish, with the goal of recapitulating microcephaly and seizure phenotypes observed in human patients and mouse models carrying hom recessive mutations (Tǎrlungeanu et al., 2016). Our PCA analysis of all morphometric features at 3 dpf showed that hom slc7a5tup1/tup1 mutants clustered separately from WT and het siblings (also observed between our pool mutants and mock controls in the mosaic G0 assay), though individual traits were not significantly different between genotypes. Since our assay quantified multiple traits from the same larvae, we could parse individual effects of genotype on each measurement by considering each measured trait as a covariate. By doing this, we detected small yet significant reductions in L, EA, and head width (OT) in our hom slc7a5tup1/tup1 mutants at 3 dpf compared to both het and WT. Notably, in mosaic G0 3 dpf mutant larvae, we recapitulated decreased L with larger effect but observed increased head width (OT and Tel), counter to findings in the stable slc7a5tup1 mutant line and human patients. Though unclear, it is possible that discordant results could be due to off-target mutations produced from injecting three gRNAs in our pool mutants. Furthermore, hom larvae exhibited increased movement, which could indicate enhanced seizures, in the presence of light flashing but not over the entire 1 h when treated with PTZ. Although not reported in the few SLC7A5 patients published to date, this suggests that patients may be susceptible to light-flashing-induced seizures, as is the case with certain types of epilepsy in humans (Galizia et al., 2015). For both slc7a5 and syngap1b, we did not observe any strong mutational effects in non-PTZ treated larvae. For future studies, we will consider incorporating additional perturbations during motion tracking with known associations to enhanced behaviors and seizure phenotypes, such as heat (Warner et al., 2017; Peron et al., 2018) and startle (Tegelenbosch et al., 2012).

In all, we have demonstrated that our multi-phenotyping platform can detect subtle morphological and behavioral changes in two ASD mutant zebrafish models. This approach, coupled with CRISPR mutant screens of many genes in parallel, either in G0 mosaic or stable mutant lines, represents a powerful first-pass to quickly identify genes impacting development and behavior. Though we focus our study here on ASD genes, most of the traits we assessed are not unique to neurodevelopment; thus, additional studies are required to pinpoint affected brain features. Future work includes expanding our phenotypes to include more neurological traits. In addition to the aforementioned improvements to our assay to induce and detect spontaneous seizures, we aim to extract more phenotypes from our VAST images, in addition to L, EA, Tel, and OT. By incorporating transgenic reporter fish, such as those with labeled excitatory and inhibitory neurons to identify neuronal transmission imbalance or calcium reporters such as GCaMP to further characterize seizures, coupled with a higher resolution fluorescent microscope and VAST imaging, our assay could more comprehensively characterize specific brain defects in our disease mutant models. Furthermore, a current limitation to measuring additional traits is the reliability of existing automated methods to accurately and consistently extract features. Although many of our measurements were performed automatically with the FishInspector software, we manually inspected every image due to issues with feature tracing to ensure accuracy and, in some cases, deferred to manual measurements (OT and Tel) or removed features completely from our analyses (head width, yolk area, and pericardium area). Future goals include improvements in automated extraction of features as well as integrating data from multiple sources to pinpoint genotype effects.
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Mitochondrial membrane Protein Associated Neurodegeneration (MPAN) is a rare genetic disorder due to mutations in C19orf12 gene. In most cases, the disorder is transmitted as an autosomal recessive trait and the main clinical features are progressive spastic para/tetraparesis, dystonia, motor axonal neuropathy, parkinsonisms, psychiatric symptoms, and optic atrophy. Besides iron accumulation in the globus pallidus and substantia nigra, the neuropathology shows features also observed in Parkinson’s Disease brains, such as α-synuclein-positive Lewy bodies and hyperphosphorylated tau. Mutations in the gene have been found in other neurodegenerative disorders, including PD, hereditary spastic paraplegia, pallido-pyramidal syndrome, and amyotrophic lateral sclerosis. The biological function of C19orf12 gene is poorly defined. In humans, it codes for two protein isoforms: the longer one is present in mitochondria, endoplasmic reticulum, and contact regions between mitochondria and ER. Mutations in the gene appear to be linked to defects in mitochondrial activity, lipid metabolism and autophagy/mitophagy. To increase the available tools for the investigation of MPAN pathogenesis, we generated a new animal model in zebrafish embryos. The zebrafish genome contains four co-orthologs of human C19orf12. One of them, located on chromosome 18, is expressed at higher levels at early stages of development. We downregulated its expression by microinjecting embryos with a specific ATG-blocking morpholino, and we analyzed embryonal development. Most embryos showed morphological defects such as unsettled brain morphology, with smaller head and eyes, reduced yolk extension, tilted and thinner tail. The severity of the defects progressively increased and all injected embryos died within 7 days post fertilization. Appropriate controls confirmed the specificity of the observed phenotype. Changes in the expression and distribution of neural markers documented a defective neuronal development, particularly evident in the eyes, the optic tectum, the midbrain-hindbrain boundary; Rohon Beard and dorsal root ganglia neurons were also affected. Phalloidin staining evidenced a significant perturbation of musculature formation that was associated with defective locomotor behavior. These data are consistent with the clinical features of MPAN and support the validity of the model to investigate the pathogenesis of the disease and evaluate molecules with potential therapeutic effect.

Keywords: MPAN, neurodegeneration with brain iron accumulation, zebrafish, neuronal development, C19orf12 gene


INTRODUCTION

The accumulation of iron in specific brain regions, and particularly in the basal ganglia, is a common hallmark of different rare neurological disorders of genetic origin. The term Neurodegeneration with Brain Iron Accumulation (NBIA) was proposed in 2003 to collectively identify patients showing the cerebral sign together with a set of neurological symptoms including, among others, dystonia, spasticity, parkinsonism, neuropsychiatric changes, and optic atrophy or retinal degeneration (Hayflick et al., 2003). Since then, a number of different genetic associations have been identified and now the NBIA disorder category includes at least 12 different types of disease, each linked to sequence variants in specific genes (Levi and Tiranti, 2019) while the idiopathic forms represent about 20% of the cases. The genes coding for ceruloplasmin (CP) and ferritin light chain (FTL) are clearly involved in iron homeostasis and different studies elucidated the mechanisms underpinning the pathology and the accumulation of the metal in the brain parenchyma (Levi and Finazzi, 2014). All the other genes have no evident connection with cellular or systemic iron handling and are involved in different cellular processes, such as coenzyme A biosynthesis, remodeling of membrane lipids, and autophagy (Di Meo et al., 2019).

Together with those in WD repeat domain 45 (WDR45), Pantothenate Kinase 2 (PANK2), and Phospholipase A2-group VI (PLA2G6), mutations in C19orf12 gene are the most frequent cause of NBIA. Hartig et al. (2011) identified the association in 2011 by conducting a whole exome sequencing on patients of Polish descent. Given the mitochondrial localization of the protein encoded by the orphan gene, the authors proposed to name this NBIA subtype by the acronym MPAN (Mitochondrial membrane Protein Associated Neurodegeneration, OMIM #614298). Since then, several cases carrying different type of mutations in C19orf12 gene have been reported (Dušek et al., 2018).

Most MPAN cases are transmitted as an autosomal recessive trait, but frameshift mutation in the third exon appear to be associated with a dominant negative effect and have a dominant transmission (Gregory et al., 2019). The main clinical features are progressive spastic para/tetraparesis, dystonia, motor axonal neuropathy, parkinsonisms, psychiatric symptoms, retinal abnormalities, and optic atrophy (Hartig et al., 2011; Horvath et al., 2012). The age of onset is usually within the second decade of life and the clinical progression is slow. Iron accumulation is present in the globus pallidus and substantia nigra, as detected by magnetic resonance imaging, showing T2-weighted hypo-intensity. Neuropathological analysis of patients’ brains demonstrated the presence of axonal spheroids and swellings, α-synuclein-positive Lewy bodies, and hyperphosphorylated tau in the cortex, globus pallidus, substantia nigra, and brain stem (Hartig et al., 2011). Interestingly, mutations in C19orf12 cause other neurodegenerative disorders such as hereditary spastic paraplegia phenotype 43 (SPG43) (Landouré et al., 2013), pallido-pyramidal syndrome (Kruer et al., 2014), and juvenile Amyotrofic Lateral Syndrome (Deschauer et al., 2012). Investigation of the overlapping features between these disorders may provide important clues about common pathogenic mechanisms.

C19orf12 maps on human chromosome 19 and encodes for a protein of 141 amino acid residues, which is highly conserved among vertebrates; about 60% of the amino acid residues are identical between the human and zebrafish orthologs. In human, chimpanzee, and chicken, the use of an alternative first exon allows the production of a second and longer isoform of 152 amino acids. It is assumed that the longer form plays a major role in cellular biology and pathology development and most research activity about MPAN focused on it. In silico evaluation of the C19orf12 protein indicated that it contains glycine-zipper motifs, which could be relevant for the interaction with the membrane; the longer isoform is present in mitochondria, endoplasmic reticulum (Landouré et al., 2013), and MAM, contact regions between mitochondria and ER (Venco et al., 2015). No clear information is available about the shorter isoform. C19orf12 is ubiquitously expressed, but higher levels are found in the brain, blood cells and adipocytes, while transcriptome analysis indicated a co-regulation with genes involved in fatty acid biogenesis and valine, leucine, and isoleucine degradation (Hartig et al., 2011). Even though the function of the protein is still unknown, a putative role in lipid metabolism is suggested (Hartig et al., 2011; Panteghini et al., 2012).

Altogether more than 100 MPAN cases have been reported in the literature (Dušek et al., 2018) up until now. Many mutations hit the putative transmembrane domain and might affect the cellular localization or the mode of interaction with the membranes of the affected protein. Interestingly, a common mutation (p.Thr11Met) hits the eleventh codon of the longer isoform, thus suggesting a more important role for the longer isoform in the pathology. Noteworthy, the mutation also affects the Kozak’s sequence surrounding the starting codon of the shorter isoform, and might affect its expression level. This aspect has not been investigated yet.

The information about the cellular function of C19orf12 gene is very limited. Venco et al. (2015) overexpressed in HeLa cells the wild-type and two mutant forms (p.Gly58Ser and p.Gln69Pro) of the protein, affecting a residue within a putative glycine-zipper motif in the transmembrane region and a proline in the regulatory domain, respectively. While the first mutant displayed partial changes in cellular localization, both of them affected the response to increased oxidative stress and the induction of the autophagy process observed with the wild-type protein. Altogether, this work suggests a possible involvement of C19orf12 in controlling autophagy and in particular a role as a sensor of mitochondrial damage and mitophagy. MPAN has been recently modeled in Drosophila melanogaster (Iuso et al., 2014), which carries two co-orthologs of the human gene (shorter isoform). The expression of both genes was abrogated by performing RNAi in compound heterozygous mutant strains; this resulted in a phenotype characterized by reduced median lifespan, vacuoles in the brain, and defects in climbing and bang sensitivity.

We have recently exploited the zebrafish animal model to investigate the role of two NBIA genes, namely pank2 (Zizioli et al., 2015) and coasy (Khatri et al., 2016), in embryonal development and gained new insights about the role and relevance of the genes in different tissues and the effects of different types of mutation (Khatri et al., 2018). Here we present the analysis of the C19orf12 gene in the same experimental system. The zebrafish genome contains four co-orthologs of human C19orf12, one on chromosome 18 and the others clustered in tandem on chromosome 7. Available RNA-seq data shows that the gene on chromosome 18 is expressed about 10 times more than the others at early stages of development. We microinjected zebrafish embryos with a morpholino expected to shut off translation of both maternal and zygotic mRNA of this gene. We show that the knockdown of c19orf12 provides relevant information about the role of the gene during zebrafish development and represents a valuable model to investigate the biological function of the gene and the mechanisms underlining MPAN pathogenesis.



MATERIALS AND METHODS


Zebrafish Maintenance

All the experiments were performed with embryos under the age of 5/7 days post fertilization (dpf), in accordance with the standards defined by the Local Committee for Animal Health (Organismo per il benessere animale, project 211B5-10) and following the Italian and European regulations on animal care. Embryos were generated from AB wild-type and transgenic lines [Tg(neurog1:EGFP) Tg(neurod1:EGFP)]. Adult fish were housed in 5 L water tanks at 28°C, in a light (14 h) and dark (10 h) timed cycle and fed three meals a day. Each experiment was performed twice or three times, depending on the number of embryos used in each biological replicate. The total number of embryos analyzed is indicated in each figure or figure legend.



Microinjection and Phenotypic Assessment

Supplementary Table S1 reports the sequences of the morpholinos applied in the experimental procedures. We prepared the injection solution by diluting the morpholino stock solution (1 mM) with 10% phenol red and water to obtain the desired final morpholino concentration. We injected 4 nl of the final solution (0.3 pmol/embryo) into 1–2 cell stage embryos by an Eppendorf FemtoJet Micromanipulator 5171. Embryos were then transferred in fish water containing 0.003% 1-Phenyl-2-thiourea at 28°C to stop the pigmentation process, and development was evaluated at 24 and 48 hpf. Images were captured using Zeiss Axio Zoom V16 equipped with Zeiss Axiocam 503 color digital camera and processed using Zen Pro software from Zeiss.



Eye and Somite Measurement

We measured the eyes diameter and somite length using the manual graphic length annotation tool available in the Zen Pro software, which automatically calculates the distance between two points. Ten embryos were taken per image to reduce the time between the snapshots avoiding progression of embryos development. We defined the eye diameter as the distance between the anterior surface of the lens and the posterior surface, using jaw, eye centroid and otolith as reference points (Supplementary Figure S1A).

As for somite length, embryos were stained with phalloidin as described. We selected the 10th somite starting from the head, in lateral views of the embryo, and measured the distance between the ventral and the dorsal boundary of the somite, as shown in the Supplementary Figure S1B.



Whole-Mount in situ Hybridization (WISH) Analysis

Embryos at different development stages were collected and fixed using 4% paraformaldehyde in PBS for 2 h at 4°C, dehydrated with an increasing scale of methanol/PBS and transferred in 100% methanol for storage at −20°C. The ORF of the four co-orthologs were amplified (primers in Supplementary Table S1) and cloned in pGem-T-Easy vector (Promega). We synthesized labeled sense and anti-sense probes by T7 and SP6-driven transcription with the digoxigenin labeling kit (ROCHE) according to manufacturer’s instructions. WISH was performed according to a standard protocol (Thisse and Thisse, 2008). Probe hybridization was revealed by overnight incubation with an anti-DIG antibody conjugated with alkaline phosphatase (1:10,000) at 4°C and staining by NBT/BCIP solution. WISH images were captured using a Zeiss Axio Zoom V16 equipped with Zeiss Axiocam 506 color digital camera and processed using Zen Pro software from Zeiss.



In vitro Synthesis of Human Wild-Type and Mutant C19orf12 mRNAs

The recombinant plasmids (pCMV6-Entry Vector) containing the coding region of human C19orf12, both WT and mutant form (c.172G>A) were a generous gift of Dr. Valeria Tiranti (Fondazione IRCCS Istutito Neurologico Carlo Besta, Milan, Italy). Linearized plasmids were transcribed with T7 RNA polymerase using the mMESSAGE mMACHINETM T7 Transcription Kit (Thermo Fisher Scientific, AM1344) according to the manufacturer’s protocol. The product was quantified by My Spect spectrophotometer and used for microinjections (150 pg/embryo).



Acridine Orange Staining

To analyze the level of cell death, acridine orange staining was performed using a standard protocol (Perkins et al., 2005). Embryos at 48 hpf were dechorionated and incubated for 30 min in acridine orange staining solution (10 mg/l). Embryos were then rinsed three times using fish water, mounted using 80% glycerol and quickly imaged using epifluorescent microscopy (Zeiss Axio Zoom.V16 equipped with Zeiss Axiocam 506 color digital camera and processed using Zen Pro software from Zeiss).



Lightsheet Imaging

For lightsheet image embryos were first anesthetized using tricaine (0.02%) and included in a low melting agarose matrix 0.5% (Top Vision Low Melting Point Agarose, Thermo Fisher Scientific) then put in the instrument holder. Images were acquired using Zeiss LightSheet microscope V1 supported by ZenPro software. EGFP acquisition was performed using 488–30 nm laser and 505–545 nm filter, phalloidin-TRITC and dsRED with 561–20 nm laser and 585lp filter. Images from the same experiment were taken with the same laser intensity and exposure time to generate comparable images. After the acquisition, 3D images were generated and manipulated using Arivis software. 3D reconstructions of phalloidin fluorescence were manipulated to obtain pictures comparable to each other in terms of fluorescence intensity. Set points for intensity/pixels histogram for the STD and ATG embryos were differently selected to minimize the difference between the signal intensity. 3D reconstructions were exported as a single snap with the same compression setting.



Birefringence Analysis

Birefringence was quantified by taking images of STD and ATG embryos at 48 hpf under polarized light at the same exposure settings and magnification.



F-Actin Staining and Somite Size Measurement

Forty-eight hpf embryos were fixed with 4% PFA at 4°C overnight. The embryos were then washed using PBS/0.1% Tween 20 (PBST) three times for 10 min, and permeabilized in 2% TritonX-100 in PBS for 2 h at room temperature. The molecular probe was prepared by diluting phalloidin (Sigma Aldrich) 1:200 in PBS. Embryos were incubated in staining solution for 2 h in the dark at room temperature. Several washes with PBST were performed at 4°C overnight and 2 h at room temperature the following day.



Quantification of Fluorescence Intensity by ZF-Mapper Application

Pictures of single embryos were taken with the same magnification (40×), laser intensity and exposition using Zeiss Axio Zoom V16 equipped with Zeiss Axiocam 503 color digital camera in 16 bit. Images were converted in 8 bit using Zen Pro software and exported in tiff format. Fluorescence was measured using Z-Mapper software (Yamamoto et al., 2019) with a threshold value of 7; data obtained were represented as the ratio between total pixel intensity and the number of pixels.



Analysis of Locomotor Behavior

We assessed the spontaneous head-tail coil movement in embryos at 24 hpf. We placed embryos under the Leica MZ16F stereomicroscope (Leica Microsystems Ltd.) and counted the number of movements for 1 min. At least 30 embryos of each type were analyzed. We analyzed the swimming performance of embryos at 48 hpf. A motility wheel, representing four concentric circles at 5, 10, 15, 20 mm diameter, was placed beneath a 60 mm Petri plate containing fish water. Then, we placed a single embryo at the center of the concentric circles. Once the embryo was stable, it was stimulated by softly touching at its tail by the help of poker. Once stimulated, the distance moved by each embryo respective to the concentric circle was recorded. If the embryo failed to cross the first concentric circle, it was re-centered and stimulated again. After five attempts with negative results, it was classified as incapable of crossing the first concentric circle of the motility wheel. We analyzed a total of 40 embryos for each group per experiment.



Statistical Analysis

Data in the manuscript are a representation of two or more independent experiments with similar results. We performed the statistical analysis using GraphPad Prism 6 software. The significance between various groups was determined by two-way ANOVA, corrected for multiple comparison or by two-tailed unpaired Student’s t-test, as indicated in the legend of each figure.



RESULTS


In silico Analysis

A bioinformatic analysis revealed that C19orf12 gene is conserved in vertebrates and that four homologous sequences can be found in Danio rerio, one on chromosome 18, zgc:112052, and three in tandem on chromosome 7 (si:ch211_260e23.7, zgc:101715, and si:ch211_260e23.8). Hereafter, for the sake of simplicity, we will call the genes in the manuscript as follows: (c19orf12) a, b1, b2, and b3, respectively (Supplementary Table S2).

We analyzed the genomic region surrounding C19orf12 using Genomicus1. The bioinformatic tool showed conserved synteny between the region surrounding human C19orf12 gene on chromosome 19 and that surrounding Danio rerio C19orf12 homologs on chromosomes 7 and 18. In a window of 41 genes, human chromosome 19 shows the greatest synteny with Danio rerio chromosome 7, with 10 genes other than b1, b2, and b3 having conserved positions. Danio rerio chromosome 18 shows a lower degree of synteny to human chromosome 19, with only three genes that have preserved their spatial deposition (Supplementary Figure S2A). Similar results were obtained using the Synteny db database2.

These data suggest that the four zebrafish genes were the result of the genome-wide duplication event that occurred in teleost fish during evolution, resulting in a gene on chromosome 18 and one on chromosome 7, with a subsequent tandem duplication of the latter to generate two extra copies.

The multiple alignments between the polypeptide sequences of human C19orf12 and zebrafish co-orthologs show a high degree of identity, except for the first 11 amino acids that are present exclusively at the N-terminal of the human sequence (Supplementary Figure S2B). Using Clustal Omega multiple alignment tool (Sievers et al., 2011), we observed 59.6% identity with the human counterpart for zebrafish protein a, 48.2, 51.1, and 55.9% for polypeptides b1, b2, and b3, respectively (Supplementary Figure S2B and Supplementary Table S3).

A phylogenetic analysis carried out using the human C19orf12 sequence for the multiple sequence alignment shows that the proteins of the four putative orthologs of Danio rerio all segregate in the clade (Supplementary Figure S2C).

All four genes appear to be transcribed, as demonstrated by the presence of EST sequences in dbEST (data not shown) and data from zebrafish transcriptome analysis. RNA-level expression data for the four genes was obtained from a systematic study performed using RNA-Seq reads from nine different developmental stages of the zebrafish embryo (Yang et al., 2013). The RNA-seq data indicate that the four zebrafish genes are transcribed during the development, with no large fluctuations among different developmental stages. Gene a appears to be expressed at much higher level than the other three paralogs on chromosome 7 (Supplementary Figure S3). We amplified by RT-PCR the full-length open reading frame of each gene from 100 ng of cDNA from 48 hpf embryos. The quantification of the band intensity shows that gene a signal is more than twofold higher than that of the other orthologs (not shown). This semi-quantitative analysis broadly confirms the RNA-seq data described above and indicates that gene a is expressed at higher level among the four C19orf12 orthologs.



Spatial and Temporal Expression Analysis of Zebrafish c19orf12 Genes During Embryonic Development

We investigated the spatial and temporal expression of zebrafish c19orf12 genes during embryonic development by WISH at early (from 2.5 till 20 hpf) and later developmental stages (24, 48, and 72 hpf). We used the sense probe for each target gene in parallel control experiments for the analyzed embryonic stages and we did not detect any staining (data not shown), thus confirming the specificity of the staining with the antisense probes. In each experiment, the staining incubation was extended till the appearance of the color was evident and the intensity of the signal provides no quantitative information. A ubiquitous expression of gene a is detected at early stages of development, in particular at the cleavage stage (2.5 hpf), thus suggesting its maternal expression (Figure 1). Stable and ubiquitous staining from cleavage to the gastrula stage indicates continuous expression of gene a throughout the transition from maternal to zygotic transcription. At 5 hpf gene a is clearly expressed in the ectodermal layer. At 10 hpf, a clear signal for gene a is present. From 20 hpf, gene a appears to be expressed in the somites and the anterior part of the embryo, where the main structures of the central nervous system will develop (Schier and Talbot, 2005). At the described early stages, we could detect a signal for all the orthologs on chromosome 7 (b1, b2, and b3 genes), which were broadly expressed in the entire shield (Supplementary Figure S4).
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FIGURE 1. Spatio-temporal analysis of gene a expression in zebrafish embryos. Representative images of embryos at early (A) or later (B) stages of development, hybridized with a probe specific for c19orf12a mRNA. Numbers in each panel represent embryos used for the experiment and embryos with the result shown in the image. Each hybridization was performed at least twice. Scale bars = 500 μm. mb, midbrain; mhb, midbrain-hindbrain boundary; h, hindbrain; ot, optic tectum.


By 24 hpf, the forebrain (most anterior), midbrain and hindbrain (most posterior) structures in the brain are broadly defined and can be easily distinguished by visually identifiable morphogenetics boundaries (Gibbs et al., 2017). At this embryonic stage, gene a is clearly expressed in the central nervous system regions, including the midbrain and midbrain-hindbrain boundary. A strong signal is present in the eyes and in the hindbrain, from where originate motor neurons that control the movement of the eyes, jaw, head and body (Vaz et al., 2019). At 48 and 72 hpf, the expression of gene a is still well-detectable in tectum, a part of the midbrain where sensory inputs and visual processing take place. These results are in good accordance with those generated by Thisse et al. (2004) and available in the ZFIN expression database.

b1, b2, and b3 genes showed a similar expression pattern in CNS structures and partially in the somites at 24 hpf, but the hybridization signals were essentially absent at 48 and 72 hpf (Supplementary Figure S5).

Taken together, these data indicate that, starting from early stages of development, c19orf12 genes are expressed in the developing embryos; at 20 hpf they shared a similar expression pattern in central nervous system structures and somites but at 24 hpf, there is a different expression of the four orthologs in CNS. Actually, the mRNA of gene a is clearly detected in the main structures of the developing brain while transcripts of the other three orthologs are not so clearly found in the same brain structures.



Morphological Analysis of Embryos Injected by c19orf12a-Specific Morpholinos

Based on the results from the WISH study and the available RNA-seq data, we focused our attention on gene a and designed a splice-inhibiting morpholino (SI-MO, Supplementary Table S1) to knock down its expression at early stages of development. The SI-MO was directed against the exon 2-intron 2 junction site of gene a mRNA and predicted to block the splicing of the immature mRNA by inducing the retention of intron 2. In parallel, we used a standard morpholino (STD-MO, Gene Tools Inc., Supplementary Table S1) without any specific target in zebrafish as a negative control.

We injected SI-MO into 1–2 cell stage embryos at different doses, and the effect on the embryonic development was observed at 24 and 48 hpf (Supplementary Figure S6). Even at the highest dose of 1 pmol/embryo, we did not observe any evident morphological changes and SI-MO-injected embryos appeared similar to the non-injected ones. Amplification of the target mRNA resulted in bands of similar intensity in both control and SI-MO-injected embryos (Supplementary Figure S6C), hence we concluded that the SI-MO was ineffective at reducing the expression of gene a in zebrafish embryos. We checked for changes in the genomic sequence targeted by the morpholino in our fish strains as the possible cause of this phenomenon and we found none.

We then switched to a translation-inhibiting morpholino (ATG-MO) complementary to the −17/+5 region of gene a mRNA. We set up a dose response assay to investigate its efficacy. Clear morphological abnormalities associated with increased lethality were evident for all the injected doses (0.3, 0.5, 0.75, 1.0 pmol/embryo) (Supplementary Figure S7). We selected the lower dose of 0.3 pmol (2.5 ng)/embryo, which was associated with the lowest mortality, for all further studies.

We categorized the phenotype induced by the morpholino according to the severity of the morphological features of the embryos (Figures 2A,B). The large majority of them (171/206, 83.0%) showed perturbed brain morphology with smaller brain size and eyes, reduced yolk extension along with a curved and thinner tail, and defected somite development. They were included in the mild category. A small number of embryos (15/206, 7.3%) were characterized by a dramatic alteration of the structure, with severe perturbation of the antero-posterior axis, cardiac edema and compromised somite development; they were included in the severe category. The remaining embryos (20/206) showed a normal phenotype. The embryos with mild phenotype were used for all further experiments. ATG-MO-injected embryos showing a mild phenotype were analyzed for the diameter of the eye at 48 hpf. The STD-MO-injected embryos were used as a reference. The eye diameter was found to be significantly reduced in ATG-morphants (186.3 ± 16.4 μm) compared to not-injected embryos (NI) and STD-morphants (250.4 ± 18.03 and 222.4 ± 15.2 μm, respectively, Figure 2C).
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FIGURE 2. Morphological analysis of embryos micro-injected with an ATG-blocking morpholino. Embryos were injected with the gene a-specific (ATG) or the control (STD) morpholino at 1/2 cell stage and analyzed at the microscope at 48 and 72 hpf. (A) Representative images showing the main features of controls and morphants at 48 hpf. Numbers in each panel represent total embryos used for the experiment and embryos with the phenotype shown in the image. (B) The graph shows the percentage distribution of embryos with normal or abnormal (mild and severe) morphology in each microinjection category. (C) The graph show the mean size of the eye diameter in controls and morphants (N > 40) at 48 and 72 hpf. Size bar = 500 μm. ****P < 0.0001 (unpaired, two-tailed T-Test). Experiments were repeated at least three times.


The abnormal morphological features persisted for a longer time and worsened in the large majority of embryos (>90%), with an aggravation of the curvature of the tail (not shown). All the morphants died between 5 and 7 dpf.



Analysis of the Specificity of the Morphological Phenotype

Even though the staining of ATG-MO-morphants with acridine orange did not show an increase of cell death at 48 hpf (Supplementary Figure S8), we checked for possible p53-dependent off-target effects (Robu et al., 2007) by co-injection of equimolar doses of ATG-MO and a morpholino targeting p53 expression (Gene Tools Inc., Supplementary Table S1). The downregulation of p53 did not affect the nature and the percent distribution of the morphological abnormalities associated with the blockage of gene a translation, including the presence of smaller eyes (Figures 3A,B). Even though we observed a partial recovery of the yolk extension morphology, the result allows to exclude major ATG-MO off-targeting effects.
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FIGURE 3. Assessment of the specificity of the phenotype. (A) Embryos were injected with ATG-MO for gene a alone or together with an equimolar dose of p53-MO. (B) The graph shows the size of the eyes in embryos as in (A). Two biological replicates were performed. ****P < 0.001. (C) Embryos were injected with ATG-MO for gene a alone or together with human C19orf12 mRNA, either WT or MUT, and the morphology analyzed at 48 hpf. The graph shows the percentage distribution of embryos in the different phenotypes (normal, mild, and severe) in the three categories of embryos. At least three experiments were performed and more than 150 embryos of each type were analyzed.


To validate the cause-effect relationship between the reduced expression of c19orf12a gene and the morphological defects observed in ATG-morphants, we evaluated the ability of the synthetic human C19orf12 mRNA to rescue the abnormal phenotype. For this purpose, we synthesized in vitro human wild-type (WT) and mutant (MUT) mRNA, carrying the mutation c.172G > A (G58S). To evaluate possible toxic effect induced by the microinjection of human C19orf12 mRNA, we injected 150 pg/embryo of either mRNAs and monitored their development until 48 hpf. No changes in survival or morphology were evident in mRNA-injected embryos when compared to mock-injected ones (not shown). Then, we co-injected the same dose of each synthetic mRNA with ATG-MO (0.3 pmol/embryo). The embryos co-injected with ATG-MO and WT-mRNA (82%, n = 305/371) or ATG-MO and MUT-mRNA (78%, n = 127/163) showed no significant change in the survival rate when compared to the embryos injected with ATG-MO alone (74%, n = 290/392) (Supplementary Figure S9).

Nonetheless the expression of the human WT mRNA significantly increased the number of embryos showing a normal phenotype, which were about 55% of the alive embryos (167/305) vs. 8.3% (n = 24/290) observed in ATG-MO-injected embryos. About 43% (n = 132/305) of the co-injected embryos still showed a mild phenotype, but less than 2% (n = 6/305) a severe one (Figure 3C).

On the contrary, the type and percentage distribution of the morphological features observed upon the co-injection of ATG-MO and MUT-mRNA were similar to those observed when ATG-MO alone was injected (Figure 3C). Normal embryos represented 9.4% (14/127) of the survived embryos, while embryos with mild or severe abnormalities were 79.5% (101/127) and 11% (12/127), respectively. The differences in the percentage of embryos with normal and mild phenotype observed between ATG-MO-WT-mRNA co-injected embryos, and ATG-MO-injected embryos was statistically significant (p < 0.001). This suggests that the WT human mRNA was able to overcome the deficiency of c19orf12a mRNA, by significantly increasing the number of embryos with normal phenotypic development as compared to that observed in the ATG-MO-injected group. On the contrary, the injection of the MUT-mRNA did not affect the aberrant development. This result further confirms the specific relationship between the knock-down of gene a mRNA and the perturbed development observed in ATG-morphants.



Analysis of Neuronal Development

We showed that C19orf12a is highly expressed in the central nervous system during early developmental stages. Its downregulation induces morphological anomalies in the head. To gain insight into the involvement of the gene in zebrafish neurogenesis we took advantage of transgenic lines expressing EGFP under neurogenin1 (neurog1) or neuronal differentiation 1 (neurod1) promoters, two transcription factors known to play important roles in neuronal development.

We microinjected Tg(neurog1:EGFP) embryos with 0.3 pmol of STD-Mo or ATG-MO and evaluated the transgene expression at 48 hpf. STD-MO-injected embryos showed no difference in comparison with not-injected ones (Figure 4) neurog1-driven fluorescence was evident in CNS regions corresponding to the epiphysis (e), the telencephalon (t), the dorsal midbrain (m), the hindbrain (h), Rohon Beard sensory neurons (rb), and dorsal root ganglia neurons (drg) were positive for EGFP expression in the trunk. In general, ATG-MO-injected embryos had a similar pattern of EGFP expression, but specific brain regions or cells were not decorated. Fluorescence was clearly missing in the midbrain, in particular at the level of the optic tectum. In the trunk, drg neurons were not labeled and rb fluorescence intensity appeared to be increased or abnormally distributed (Figure 4). These features were confirmed by lightsheet analysis; the reconstruction of the 3D distribution of EGFP fluorescence in 48 hpf embryos clearly evidenced the lack of EGFP signal in the rostral part of the CNS and in drg neurons (Supplementary Figure S10). This indirect analysis of neurog1 expression suggests that downregulation of gene a affects normal neuronal development of specific brain areas and neuron types. To further investigate this aspect we repeated the same procedure using Tg(neurod1:EGFP) embryos and performed fluorescent imaging at 48 hpf. The comparison between STD-MO and ATG-MO-injected embryos revealed significant changes in EGFP fluorescence: the signal was missing or strongly reduced in the optic tectum and the midbrain-hindbrain boundary. Fluorescence in the retina was also dramatically reduced (Figure 5A). The changes in the neurod1-dependent signal were confirmed at the lightsheet imaging (Figure 5B).
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FIGURE 4. neurog1-dependent EGFP fluorescence in embryos injected with control (STD) or ATG morpholinos. Lateral views of Tg(neurog1:EGFP) embryos either injected or not with STD or ATG morpholinos, at 48 hpf, with different magnifications. The arrowhead points to the region in the midbrain (tectum opticum) that shows a clear reduction of the signal in morphants. Arrows point to drg neurons, normally labeled in STD-injected embryos, but not visible in morphants. Size bar = 500 μm. Experiments were repeated at least three times and altogether more than 120 embryos of each type were viewed.
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FIGURE 5. neurod1-dependent EGFP fluorescence in embryos injected with control (STD) or ATG morpholinos. (A) Representative lateral and dorsal views of Tg(neurod1:EGFP) embryos either injected with STD or ATG morpholinos, at 48 hpf, Size bar = 500 μm. Experiments were repeated at least three times and altogether more than 150 embryos of each type were analyzed. (B) Lightsheet imaging of embryos described in panel (A). Four embryos with mild morphological phenotype were randomly selected and analyzed in two different experiments. Arrows point to the regions that are clearly missing or less visible in ATG-morphants.


Altogether, the analysis of the transgenic lines suggests that normal expression of gene a at early stages of development is required for determination and/or differentiation of specific neuronal populations such as the drg neurons in the trunk or the cells located in the retina, the tectum opticum and the midbrain-hindbrain boundary.



Analysis of Musculature Development

The WISH analysis revealed expression of c19orf12a also in the myotome. Embryos injected with the ATG-MO (mild phenotype) presented with a curved trunk/tail associated with a reduced dorsal-ventral axis size (Figure 2A), but the overall structure appeared to be normal. To analyze in deeper detail the myotome structure, we assessed the birefringence pattern under polarized light in embryos at 48 hpf (Smith et al., 2013). Control embryos showed bright birefringence, indicative of a highly organized skeletal muscle. On the contrary, ATG-morphants showed an overall reduction in birefringence intensity, suggestive of a disorganized skeletal muscle structure (Figure 6A). Then, we stained STD- and ATG-MO-injected embryos at 48 hpf with fluorescent-conjugated phalloidin that allows for visualization of filamentous F-actin. The comparison with control embryos clearly revealed a strong reduction of fluorescence intensity in MO-injected embryos. The quantification of the signal by ZF–Mapper freeware analysis documented a decrease of about 35% of the fluorescent signal (Figures 6B,D). When the structure of F-actin filaments in the muscles was observed by lightsheet imaging, we could detect a perturbation of the regular, parallel and V-shaped distribution of fibrils within each muscle segment (Figure 6C). The mean size of the trunk was also reduced in ATG-morphants (Figure 6E). The results let infer a connection between c19orf12 function and normal myotome development.
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FIGURE 6. Birefringence analysis and F-actin staining. (A) Birefringence quantification in embryos injected with STD or ATG morpholino at 48 hpf. (B) Embryos were incubated with fluorescent phalloidin to stain F-actin. Representative lateral views of stained embryos showing the clear reduction of the total fluorescence intensity in ATG-morphants. Images were acquired with the same parameter, as described in section “Materials and Methods.” (C) Lightsheet imaging of a section of the trunk in the embryos as in (A). The image of the ATG-morphant was adjusted in order to show a fluorescence intensity comparable to that of the control embryo (STD). (D) Quantification of the fluorescence of embryos shown in (A), acquired by ZF-Mapper software. (E) Mean size of the trunk in control and ATG-morphants at 48 hpf, measured as described in section “Materials and Methods.” Three (birefringence) and two biological replicates (phalloidin staining) were performed. Numbers in each image indicate the total number of embryos analyzed. Size bar = 500 μm. ****P < 0.0001 (unpaired, two-tailed T-test).




Assessment of the Locomotor Behavior

Embryos injected with the c19orf12a-specific morpholino showed impaired development of specific CNS structures and musculature. To assess possible functional consequences of these perturbations, we set up the analysis of the locomotor activity of embryos. The first movement that can be detected from 17 hpf is the slow and alternating flipping of the tail. Rapid tail coils can be evoked by touch stimuli from 21 hpf, and finally spontaneous swimming can be observed from 27 hpf (McKeown et al., 2009).

We investigated the effects of knocking down c19orf12a expression on locomotor activity by comparing first the spontaneous coiling contractions at 24 hpf, and then the touch-evoked swimming at 48 hpf. Embryos at 24 hpf move 3–5 times/min (Basnet et al., 2017). We counted the number of spontaneous movements of each injected and control embryo for 1 min. The number of spontaneous tail coil movements was significantly increased at 24 hpf in embryos injected with ATG-MO (mean = 10.35 movements/embryo/min). Interestingly, the co-injection of WT-mRNA prevented the increase in the number of head-tail flipping movements (mean = 4.79), whereas the co-injection of MUT-mRNA failed in rescuing the abnormal behavior (mean = 12.37, Figure 7A).
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FIGURE 7. Analysis of locomotor behavior. (A) The graph shows the number of spontaneous flipping movements during 1 min observation in embryos at 24 hpf, injected with STD or ATG morpholino, together with either WT or MUT human C19orf12 mRNA. (B) The graph resumes the main results from the analysis of the swimming performance of embryos of the same categories as in (A), at 48 hpf in the touch-evoked test. Bars represent the percentage of embryos covering a distance lower than 20 mm. ****P < 0.0001 (One way ANOVA, corrected with Tukey’s multiple comparisons test).


Then, we performed a touch-evoked movement test according to procedure previously described (Khatri et al., 2018). Almost all (95%) control embryos were able to swim more than 20 mm (Figure 7B). The opposite was observed for embryos injected with ATG-MO; even though we selected embryos with mild phenotype, only a few of them (20%) swam more than 20 mm and about 70% covered less than 10 mm (Supplementary Figure S8) and all required multiple stimuli. The co-injection of ATG-MO and human WT-mRNA appeared to ameliorate the motor performance of morphants, since more than 67% of them were able to swim for the longest distance (Figure 7B). The embryos co-injected with MUT-mRNAs showed similar results as ATG-MO injected embryo (38%, 22%, 20%, 20%; <5, <10, <20, and >20 mm, respectively) (Supplementary Figure S11).

This analysis clearly shows that the downregulation of gene a expression is associated with a significant loss of motor performance of embryos at 48 hpf.



DISCUSSION

Even though the genetic association between C19orf12 gene and MPAN was established almost 10 years ago (Hartig et al., 2011), the biological function of the gene and the processes involved in disease development are poorly defined and a single Drosophila model is available for in vivo studies. Therefore, no therapeutic strategy is available yet. In an attempt to fill this gap, we decided to exploit zebrafish embryos to model this rare disorder. Several features of zebrafish embryos together with the large number of experimental tools to investigate them concur to the choice of this animal model as a valuable system to dissect disease mechanisms involved in neurodegeneration and to screen for possible therapeutic targets (Martín-Jiménez et al., 2015). Four different c19orf12 co-orthologs are present in zebrafish. According to available RNA-seq data, the gene on chromosome 18, that we named gene a, is expressed at much higher level than the ones on chromosome 7. Since our WISH and RT-PCR analysis essentially confirmed this piece of information, we concentrated our study on gene a. While it is ubiquitously expressed in the early stages of development, it becomes restricted to the CNS from 24 hpf on. The eyes, the optic tectum, the hindbrain and the midbrain-hindbrain boundary are the regions more consistently decorated by the antisense probe for gene a. This suggests an involvement in the development of selected brain areas. There is no precise information about the tissue and brain distribution of human C19orf12 expression. Iron accumulates in the globus pallidus and in the substantia nigra, but neuropathology, and particularly Lewy bodies, is more widespread in the brain of patients, at least at late stages of the disease (Hartig et al., 2011; Hogarth et al., 2013). Of interest, many MPAN cases present with optic atrophy. The intense hybridization signal in the eyes of embryos, together with the staining in the optic tectum, where retina projections of the retinal ganglion cells terminate, seem to indicate a functional conservation for c19orf12 gene in human and zebrafish.

We successfully knock down gene a by the injection of a specific ATG-morpholino and obtained a range of embryonic and larval phenotypes potentially relevant to MPAN disease. Due to the absence of an antibody capable of recognizing zebrafish C19orf12 protein, we could not document the blockage of mRNA translation. Nonetheless, we could demonstrate the robustness of the observed phenotype by complementary approaches. First, the co-injection of a p53-specific morpholino allowed us to exclude off-targeting effects associated with the induction of p53 activity. Second, the phenotypic rescue obtained by the co-injection of wild-type human C19orf12 mRNA (and not of the mutant form) proved the functional connection between zebrafish and human c19orf12 genes and confirmed the specific association between the knock down of gene a and the documented embryonic phenotype. Noteworthy, the rescue observed in our experiments was not complete. This could be due to technical aspect such as the stability of the exogenous mRNA in vivo or, alternatively, it could suggest an incomplete functional overlap between the longer form of the human protein and the shorter zebrafish one.

The microscopic observation of morphants revealed a smaller head with poorly defined brain structures and reduced eye size, curved and thinner tail, reduced yolk extension. This is in line with the WISH results that highlight the specific expression of gene a in the brain and in somites, suggesting a role for the gene in neural and muscle development. Interestingly, a similar aberrant morphology is found in zebrafish experimental models of other human neurodegenerative disorders with early onset (Mahmood et al., 2013; Schaffer et al., 2014) and may be an indication of common biological processes. A closer look at neuronal development was obtained with transgenic lines expressing EGFP under the control of neurog1 or neurod1 promoter, which are a powerful tool for the study of neural circuits and brain structures (Satou et al., 2013). Neurog1 is a basic Helix-Loop-Helix (bHLH) transcription factor involved in determination of neuronal precursor cells in lower vertebrates (Lee, 1997). In zebrafish, its expression starts in the neural plate at the end of gastrulation and progressively expands to larger domains. At 24 hpf, it is detected in the posterior midbrain, the optic chiasma, the ventral and dorsal diencephalon (Korzh et al., 1998). At 48 hpf it is expressed in the epiphysis, the telencephalon, the dorsal midbrain, the hindbrain, in Rohon Beard sensory neurons and in dorsal root ganglia neurons (Blader et al., 2003).

Zebrafish neurod1 codes for a bHLH factor promoting neuronal differentiation shortly after determination by neurog1 (Blader et al., 1997). Its expression starts later than that of neurog1 and partially overlaps with it. At 24 hpf, neurod1 transcript is particularly evident in the olfactory bulbs, pineal gland, inner ear, midbrain, hindbrain, and neural tube. It is not detected in the developing retina till 31 hpf, when the dorsal-to-ventral wave of neurogenesis starts. By 48 hpf, both the inner and the outer retina present neurod1-positive cells (Mueller and Wullimann, 2002, 2003; Thomas et al., 2012). This approach confirmed the significant involvement of the retina and the optic tectum. The midbrain-hindbrain boundary, the hindbrain and dorsal root ganglia were also missing or with reduced fluorescence. Surprisingly, we did not detect an increase in cell death by the acridine orange staining at 48 hpf. To reduce the chance of off-target effects, we concentrated our analysis on embryos exposed to low doses of morpholino and with the mildest morphological phenotype. Even at the lowest dose of ATG-MO, we detected a sharp increase in the number of dead embryos at 48 hpf (from about 5% in control embryos to more than 20% in morphants). When combined with the embryos showing a severe phenotype, about 30% of ATG-MO-injected embryos are essentially not viable at 48 hpf. We can speculate that the strongest reduction of gene a expression is not compatible with life. The defects in surviving embryos could be linked to blockage of cell proliferation or delayed differentiation. Some neurog1-positive drg neurons appear at later stages of development (72 hpf), but they are reduced in number and do not show axonal projections; at the same time, most of the phenotypic abnormalities, including the reduced eye size and the defective expression of neuronal markers persist in surviving embryos. This let us infer that the reduction of c19orf12 expression irreversibly affects specific and early developmental pathways that do not recover with the progressive degradation of the ATG-morpholino.

The defects in neuronal development were associated with locomotor behavior abnormalities, i.e., an increased frequency of spontaneous tail coiling movements at 24 hpf and a reduced gliding response in the touch evoked test at 48 hpf. The spontaneous contractions of the trunk originate in the spinal cord and essentially depend on primary motoneurons innervation (Brustein et al., 2003). Changes in the frequency of tail coil activity may depend on defected early neurogenesis, as shown by the neurotoxic effects of chemicals including cadmium, fluoxetine, and citalopram (Zindler et al., 2019). Since periods of quiescence between tail coils are controlled by glycinergic signaling (Knogler et al., 2014), it is possible to speculate a specific sensibility of glycinergic neurons to c19orf12 defects. WISH for glycine transporters revealed the presence of this type of neurons in the rostral spinal cord at 20 hpf (GlyT2 and GlyT1) and in the hindbrain and midbrain at 24 and 48 hpf (GlyT1) (Chalphin and Saha, 2010); thus a co-localization with gene a is possible.

The touch evoked swimming requires more mature neuronal circuits and involves the activation of hindbrain reticulospinal neurons and spinal cord interneurons by stimuli provided by rb and drg neurons (Brustein et al., 2003). The analysis of neurog1-driven expression of EGFP in zebrafish embryos at 48 hpf revealed an almost complete absence of drg sensory neurons together with irregular distribution of rb neurons. A defect in sensing the mechanical stimulus could justify the poor motor performance of gene a morphants. The requirement for repetitive stimuli to elicit the escape response further supports this interpretation. At the same time, given the brain distribution of c19orf12a, we cannot exclude the involvement of hindbrain motor neurons.

Altogether, we think that zebrafish embryos injected with the ATG-MO for c19orf12a gene represent a valuable model for the autosomal recessive forms of MPAN disorder. They provided relevant information about CNS regions and neuronal types affected by gene a loss-of-function, an essential starting point to investigate the involved molecular mechanisms. At the same time, the morphological and functional features shown by morphants represent an important starting point to test molecules for potential therapeutic strategies. We are considering the possibility to generate fish carrying gene a mutations exerting a dominant-negative effect. They would represent an important model to further explore c19orf12 functioning and MPAN development.
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The glucagon receptor (GCGR) is activated by glucagon and is essential for glucose, amino acid, and lipid metabolism of animals. GCGR blockade has been demonstrated to induce hypoglycemia, hyperaminoacidemia, hyperglucagonemia, decreased adiposity, hepatosteatosis, and pancreatic α cells hyperplasia in organisms. However, the mechanism of how GCGR regulates these physiological functions is not yet very clear. In our previous study, we revealed that GCGR regulated metabolic network at transcriptional level by RNA-seq using GCGR mutant zebrafish (gcgr−/−). Here, we further performed whole-organism metabolomics and lipidomics profiling on wild-type and gcgr−/− zebrafish to study the changes of metabolites. We found 107 significantly different metabolites from metabolomics analysis and 87 significantly different lipids from lipidomics analysis. Chemical substance classification and pathway analysis integrated with transcriptomics data both revealed that amino acid metabolism and lipid metabolism were remodeled in gcgr-deficient zebrafish. Similar to other studies, our study showed that gcgr−/− zebrafish exhibited decreased ureagenesis and impaired cholesterol metabolism. More interestingly, we found that the glycerophospholipid metabolism was disrupted, the arachidonic acid metabolism was up-regulated, and the tryptophan metabolism pathway was down-regulated in gcgr−/− zebrafish. Based on the omics data, we further validated our findings by revealing that gcgr−/− zebrafish exhibited dampened melatonin diel rhythmicity and increased locomotor activity. These global omics data provide us a better understanding about the role of GCGR in regulating metabolic network and new insight into GCGR physiological functions.

Keywords: glucagon receptor, glucagon, metabolomics, lipidomics, zebrafish


INTRODUCTION

Glucagon is a 29-amino-acid polypeptide secreted by α cells from the islet of Langerhans, which is catalyzed from proglucagon by proconvertase 2 (Muller et al., 2017). Glucagon can specifically recognize and bind to the glucagon receptor (GCGR), which is widely distributed throughout the body and predominantly expressed in the liver (Burcelin et al., 1995; Muller et al., 2017). GCGR belongs to the class II G-protein–coupled receptor superfamily of seven transmembrane spanning receptors, which couples with GTP-binding proteins (G proteins) to adenyl cyclase, and activates the downstream signals to regulate glucose homeostasis through increasing glycogenolysis and gluconeogenesis (Wewer Albrechtsen, 2018; Qiao et al., 2020).

Studies have revealed that GCGR also plays many important roles in metabolism beyond glucose homeostasis (Charron and Vuguin, 2015; Galsgaard et al., 2019; Dean, 2020). Knockout or inhibition of GCGR in mice displayed pancreatic α-cell hyperplasia and increased the plasma concentrations of glucagon, glucagon-like peptide-1, low-density lipoprotein, and amino acids. Hyperaminoacidemia was observed in Gcgr−/− mice in many studies (Yang et al., 2011; Solloway et al., 2015; Dean et al., 2017; Kim et al., 2017; Galsgaard et al., 2018; Winther-Sorensen et al., 2020). Moreover, a lot of genes involved in amino acid catabolism were found to be down-regulated in Gcgr−/− mice, especially those related to glutamine, serine, and arginine metabolism (Yang et al., 2011; Dean et al., 2017; Kim et al., 2017; Winther-Sorensen et al., 2020). Further research revealed that deficiency of GCGR caused disturbed amino acid catabolism and reduced amino acid clearance in the liver and led to elevated plasma amino acid levels, which in turn stimulated the pancreatic α-cell hyperplasia and glucagon secretion (Dean et al., 2017; Galsgaard et al., 2018; Winther-Sorensen et al., 2020). These results suggested an endocrine loop of liver-α cell axis through glucagon signaling (Holst et al., 2017; Wewer Albrechtsen et al., 2018a,b; Dean, 2020).

Studies also showed that GCGR regulated the lipid metabolism through hepatic fatty acid β-oxidation and lipogenesis, and adipocytes lipolysis. Deficiency of GCGR led to decreased total body adipose mass and increased lean body mass, without changes in the total body weight (Gelling et al., 2003). After being fed with high-fat diet, the Gcgr−/− mice had much smaller amounts of adipose tissue compared with wild type, suggesting they were resistant to diet-induced obesity (Conarello et al., 2007; Longuet et al., 2008). Nevertheless, Gcgr−/− mice exhibited enhanced susceptibility to hepatosteatosis following exposure to the high-fat diet (Longuet et al., 2008). Similarly, knocking out GCGR and treatment with GCGR antagonist (LY2409021) induced liver fat accumulation in zebrafish and patients with type 2 diabetes (T2D), respectively (Guzman et al., 2017; Kang et al., 2020). Moreover, the plasma triglycerides and free fatty acids were increased in Gcgr−/− mice after 16 h fasting (Longuet et al., 2008).

Metabolites are the final downstream products of cellular regulatory processes, which can powerfully reflect the physiological alteration in organisms. Metabolomics focuses on the identification of numerous metabolites (molecular weight <1,500 Dalton) and has a huge potential in characterizing physiological and biochemical activities (Fiehn, 2002). Lipidomics is a subset of metabolomics, which has similar functions to metabolomics but focuses on lipids (Lam et al., 2017). Although the serum metabolome has been studied in Gcgr−/− mice (Yang et al., 2011; Dean et al., 2017), the whole-animal metabolomics changes are still unclear. In this study, we performed global metabolomics and lipidomics profiling using the whole organism of GCGR knockout zebrafish, which were further analyzed with our previous global transcriptomics data (Kang et al., 2020). We aimed to reveal the comprehensive metabolic alterations in gcgr−/− zebrafish.



MATERIALS AND METHODS


Zebrafish Husbandry

Zebrafish (Danio rerio) were raised in a recirculating aquaculture system (Shanghai Haisheng Biotech Co., Ltd, Shanghai, China) on a 14-h:10-h darkness cycle at 28°C. Embryos were obtained from natural breeding and raised at 28.5°C in embryo rearing solution and staged according to Kimmel et al. (1995). In this study, 7 dpf (days post fertilization) AB strain (wild type), gcgra−/−; gcgrb−/− double-mutant fish (referred as gcgr−/− henceforth) larvae were used. All procedures have been approved by the Xiamen University Institutional Animal Care and Use Committee (protocol XMULAC20160089, March 10, 2016).



Sample Collection and Preparation for Global Metabolomics and Global Lipidomics Profiling

For metabolomics, 25 mg each of 7 dpf wild-type and gcgr−/− mutant larvae were anesthetized and harvested into a 1.5 mL EP tube with 800 μL of precooled precipitant (methanol: acetonitrile: pure water = 2:2:1). Six biological repeats were performed for each group. After homogenization using ultrasonication, the samples were placed in the −20°C for 120 min to precipitate. Then the samples were centrifuged at 25,000 × g for 15 min at 4°C, and the supernatants were collected in new tubes for lyophilization in a centrifugal evaporator. After resupernation with 600 μL of 10% methanol solution, the samples were centrifuged at 25,000 × g for 15 min at 4°C, and then 5 μL of each sample was used for injection. The quality-control (QC) samples were mixed from 50 μL of each sample.

For lipidomics, 25 mg each of wild-type and gcgr−/− mutant larvae added 800 μL of −20°C precooled dichloromethane/methanol (3:1) buffer solution. And the samples homogenized with TissueLyser for 5 min and then placed in at −20°C for 120 min. After the centrifugation and lyophilization, the samples were reconstituted with 600 μL of lipid complex solution (isopropanol–acetonitrile–water = 2:1:1). Finally, 5 μL of each sample was used for injection. The QC samples were mixed from equivalent amount of each sample.



Ultraperformance Liquid Chromatography and Quadrupole Time-of-flight Mass Spectrum Condition

For metabolomics, ultraperformance liquid chromatography (UPLC) system (2777C, Waters, MA, USA) equipped with an ACQUITY UPLC HSS T3 column (100 × 2.1 mm, 1.8 μm, Waters, MA, USA) was used for separation. The column oven temperature was maintained at 50°C, and the flow rate was 0.4 mL/min. The mobile phase was consisted of solvent A (water + 0.1% formic acid) and solvent B (methanol + 0.1% formic acid). Metabolites were eluted using the following gradients: 0–2 min, 100% phase A; 2–11 min, 0% to 100% B; 11–13 min, 100% B; 13–15 min, 0% to 100% A. The small molecules eluted from column were detected by the high-resolution tandem mass spectrometer Xevo G2 XS QTOF (Waters, MA, USA) both in positive and negative ion modes. The capillary voltages were set at 3 kV (+) and 2 kV (–), respectively. The sampling cone voltage was set at 40 V in both modes. The Centroid MSE mode was used for data acquisition. The first-stage scan range of Time-of-flight mass was from 50 to 1,200 Da with the scan time of 0.2 s. For the tandem mass spectrometry (MS/MS) detection, the parent ions were fragmented using 20–40 eV with the scan time of 0.2 s. During the data acquisition, the LE signal was performed every 3 s to calibrate the mass accuracy.

For lipidomics, the separation was performed using UPLC equipped with an ACQUITY UPLC CSH C18 column (100 × 2.1 mm, 1.7 μm, Waters, MA, USA). The column oven was maintained at 55°C, and the flow rate was 0.4 mL/min. The mobile phase was consisted of solvent A (ACN: H2O = 60:40, 0.1% formate acid and 10 mM ammonium formate) and solvent B (IPA: ACN = 90:10, 0.1% formate acid and 10 mM ammonium formate). Gradient elution was performed in the following conditions: 0–2 min, 40–43% phase B; 2–7 min, 50–54% phase B; 7.1–13 min, 70–99% phase B; 13.1–15 min, 40% phase B. For the Q-TOF detection, the conditions were similar to metabolomics with some exception. The first-stage scan range of TOF mass was from 100 to 2,000 Da in positive mode and 50 to 2,000 Da in negative mode. For the MS/MS detection, the parent ions were fragmented using 19–45 eV.



Data Processing and Analysis

For both global metabolomics and global lipidomics, the raw data obtained from the mass spectrometer were subjected to analysis by the Progenesis QI 2.2 (Waters, MA, USA), including peak alignment, peak picking, normalization, deconvolution, and peak identification. Then, the data were processed using metabolomics analysis R package metaX (BGI, Shenzhen, China) for further analysis. First, the low-weight ions with RSD (relative standard deviation) >30% were filtered and removed from the extracted data to ensure the metabolic quality. In addition, the data were corrected by QC-RLSC (QC-based robust LOESS signal correction) method (Dunn et al., 2011).

Next, in the univariate analysis, the fold change (FC) detection was performed. Simultaneously, the t-test analysis was used to calculate the p-value. In the multivariate analysis, principal component analysis (PCA) was performed for general clustering among the groups. Moreover, the partial least-squares discriminate analysis was employed to different ions between clusters, as influence intensity and explanation capacity of each ion were calculated by VIP (variable importance of projection), and components with VIP exceeding 1 were regarded as potential compounds contributing remarkably to the differences between groups. Based on results from QC sample detections, RSD threshold was set below 30% for error reduction, which was reflected in FC of metabolites. The metabolites identification was further performed through Human Metabolome Database (HMDB), Kyoto Encyclopedia of Genes and Genomes (KEGG), and LipidMaps. Finally, metabolites meeting the criteria (VIP > 1, P < 0.05, FC <0.83, and FC > 1.2) were selected as significantly different. All the raw data were deposited in the database of MetaboLights (www.ebi.ac.uk/metabolights/ MTBLS2067) (Haug et al., 2020).

Based on the different metabolites, we performed KEGG analysis by using R language especially the R package “clusterProfiler” (Yu et al., 2012). Further, integrative analyses of metabolomics and lipidomics with our previous transcriptomics data (Kang et al., 2020) were conducted through display of metabolites associated with genes on the pathways. On the basis of pathways analysis by different metabolites, the transcription level of relative genes in these pathways was selected for analysis. Criteria for different transcripts were set as follows: Q < 0.05, FC < 0.83, and FC > 1.2.



Sampling of Zebrafish Larvae and Melatonin Enzyme-Linked Immunosorbent Assay

Seven-dpf zebrafish larvae were sampled every 4 h from ZT3 to ZT23 into tubes; each sample contained 20 larvae. After removing excess egg water, the tubes containing the samples were flash-frozen in liquid nitrogen. Samples were then stored at −80°C until use. This procedure was done in triplicate. Melatonin enzyme-linked immunosorbent assay (ELISA) assay was conducted according to the manufacturer's instruction (Zcibio technology Co., Ltd, Shanghai, China). Briefly, samples were thawed on ice, and 200 μL PBS was added to each sample. Samples were then homogenized and centrifuged at 12,000 rpm for 5 min at 4°C, and supernatants were used for ELISA. Fifty microliters of supernatant was pipetted into the melatonin antibody prepackaged 96-well microtiter plate, and then 50 μL of biotin antigen was added; the plate was covered and incubated at 37°C for 1 h. After incubation, the plate was washed three times, and 50 μL of enzyme conjugate was added and incubated for 30 min at 37°C, and then the plate was washed again for three times. Then, 100 μL of substrate solution was added, and the plate was again incubated for 15 min at 37°C. Finally, 50 μL of stop solution was added, and extinction was measured at 450 nm. The obtained optical densities of the standards (y-axis, logarithmic) were plotted against their concentrations (x-axis, logarithmic). A curve fit was performed, and the concentrations of the samples were then calculated from the standard curve.



Zebrafish Behavioral Assays

Zebrafish larvae behavioral assays were performed under LD (light–dark) conditions as previously reported (Zhong et al., 2018). Briefly, a single zebrafish larva was placed in each well of 48-well plates at 7 dpf (24 WT, 24 gcgr−/− mutant). The 48-well plate was placed inside the DanioVison system (Noldus, Wageningen, Holland), where white light was illuminated from 9:00 AM to 11:00 PM (14 h light phase), and infrared light was set from 11:00 PM to 9:00 AM (10-h dark phase). Locomotor activities of larvae were monitored for 2 consecutive days from 7 to 8 dpf using an automated video-tracking system, and the movement of each larva was recorded, and the average distance movement was analyzed.




RESULTS


Global Metabolomics and Lipidomics Analysis of GCGR Knockout Zebrafish

Global metabolomics and lipidomics were applied to profile the metabolic changes caused by GCGR deficiency in zebrafish. RSD threshold of 30% was displayed for 87.0% of metabolomics and 90.0% of lipidomics, respectively, indicating high reproducibility and stability. The profiles of QC groups, wild-type (WT) groups, and gcgr−/− mutant groups were clustered separately in both negative and positive modes of the PCA plots (Figures 1A–D). These results indicated that the processing and analysis of HPLC-QTOF data met the required quantifications, and the differences between two experimental groups were significant. After filtration, 107 of 790 metabolites were identified to be significantly different by metabolomics analysis, with 49 up-regulated and 58 down-regulated in gcgr−/− mutant groups (Figure 1E, Supplementary Table 1). Eighty-seven of 898 lipid molecules were identified to be significantly different by lipidomics analysis, with 38 up-regulated and 49 down-regulated in gcgr−/− mutant groups (Figure 1F, Supplementary Table 1).
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FIGURE 1. Profile of global metabolomics and lipidomics data. (A–D) Principal component analysis (PCA) of metabolomics (A,B) and lipidomics (C,D) profile of wild-type (WT) and gcgr−/− were indicated by different color circles. PCA scores were plotted in both positive mode (A,C) and negative mode (B,D). (E,F) Volcano plots of all identified metabolites from metabolomics (E) and lipidomics (F) analysis. The x-axis indicates Log2 (fold change) while the y-axis indicates -Log10 (P-value). Every single metabolite is represented as a dot. Different colors were used to represent down-regulated (blue), up-regulated (red), or non-significant (gray) metabolites. (G) Pie charts showing different classes of total different, elevated, and decreased metabolites. Different colors indicate different classes.


According to the HMDB database, the identified 194 different metabolites were matched to seven classes (Figure 1G, Supplementary Table 1). They were lipids and lipid-like molecules (number of metabolites, 158); organic acids and derivatives (13); organoheterocyclic compounds (13); organic oxygen compounds (4); organic nitrogen compounds (3); nucleosides, nucleotides, and analogs (2); and homogeneous non-metal compounds (1). Among these metabolites, the cluster of lipids and lipid-like molecules were the most abundant, with 75 increased and 83 decreased, indicating that the lipid metabolism was greatly influenced by GCGR deficiency.



GCGR Knockout Induced Metabolic Disorder in Zebrafish

Next, we performed KEGG pathway analysis and pathway-based network analysis for these changed metabolites in gcgr−/− mutant. The result showed that 176 different metabolites were enriched in 68 KEGG pathways, including metabolism (number of pathways, 42), environmental information processing (9), organismal systems (8), cellular processes (7), genetic information processing (1), and human diseases (1) (Figure 2A, Supplementary Table 2). Interestingly, metabolism-related pathways accounted for 61.8%% (42/68) of total enriched pathways covering 168 metabolites (Figure 2A, Supplementary Table 2). Thus, we then further analyzed these metabolism-related pathways in detail. The pathways related to lipid metabolism (number of pathways, 12), amino acid metabolism (11), metabolism of cofactors and vitamins (6), carbohydrate metabolism (5), and metabolism of other amino acids (4) were highly enriched (Figure 2C). Interestingly, 4 KEGG pathways containing more than 15 different metabolites were enriched, including glycerophospholipid metabolism (number of metabolites, 60), arachidonic acid (ARA) metabolism (33), linoleic acid metabolism (20), and steroid hormone biosynthesis (18), all belonging to lipid metabolism (Figure 2B and Supplementary Table 2). To explore the association and crosstalk between those metabolism-enriched pathways, the pathway-based network analysis was performed. As shown in Figure 2C, close linkages were shown in amino acid metabolism, carbohydrate metabolism, lipid metabolism, and so on, as several metabolites are shared by multiple pathways. Taken together, these data suggested that GCGR knockout in zebrafish induced metabolic disorder, especially in lipid metabolism and amino acid metabolism. The details regarding pathway perturbation were further discussed as follows.
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FIGURE 2. Pathway analysis of different metabolites. (A) Histogram of the holistic matching. All different metabolites are enriched into seven categories. The left blue bar indicates the number of enriched pathways. The right red bar indicates the number of covered metabolites. (B) Bar chart showing the number of metabolites covered by each enriched pathway. The y-axis indicates the number of metabolites while the x-axis indicates the pathway name. Red: increased; blue: decreased. The class of each pathway was labeled by the color bar on the top. (C) The network of enriched pathways. Each pathway is represented by a dot. Red: the ratio of the up-regulated metabolites is higher than down-regulated metabolites; blue: the ratio of down-regulated metabolites is higher than up-regulated metabolites. The dot size indicates the number of metabolites in the corresponding pathway. The line thickness represents the amount of substances shared by the linked pathways; the coarser, the more metabolites.




Lipid Metabolism Remodeling in gcgr−/− Mutant Zebrafish

Among these altered metabolism pathways, the lipid metabolism–related pathways were dramatically changed, which had 12 pathways enriched covering 125 metabolites enriched. Glycerophospholipid metabolism was the top enriched lipid metabolism pathway, with 60 significantly different metabolites, including classes of diacylglycerol (DG), triacylglycerol (TG), phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI), lysophosphatidylethanolamine (LPE), lysophosphatidylcholine (LPC), lysophosphatidic acid (LPA), lysophosphatidylinositol (LPI), and cytidine diphosphate DG (CDP-DG) (Figures 3A,B, Supplementary Table 1). Fatty acids are utilized for production of fatty acyl-CoAs, which are essential component for glycerophospholipid metabolism (Watkins, 2013). Based on this, fatty acids were also analyzed here. Interestingly, the enriched monounsaturated fatty acids (oelsaeure and icosenoic acid) and polyunsaturated fatty acid [eicosatrienoic acid, eicosapentaenoic acid, docosapentaenoic acid, docosahexaenoic acid, linoleate, icosadienoic acid, dihomolinolenate, arachidonate (ARA), adrenic acid, tetracosahexaenoic acid] were all down-regulated (Figure 3A), whereas all the saturated fatty acids, including behenic acid and dodecanoic acid, were up-regulated (Figure 3A).


[image: Figure 3]
FIGURE 3. GCGR knockout induced glycerophospholipid metabolism dysregulation. (A) Disturbed glycerophospholipid metabolism. Dots represent metabolites, and blocks represent transcripts-encoded enzymes. Red: up-regulated, blue: down-regulated; or green: set substrates mixed with both up-regulated and down-regulated metabolites. The left displayed the heatmap enriched fatty acids. (B) Heatmap of corresponding glycerophospholipid metabolite sets. Z score normalized ionic strength for each metabolite was represented by different colors: high (red), low (blue), or average (white). The class of each pathway was marked by the color bar on the top.


Moreover, all these LPEs, LPCs, LPAs, and LPI involved in glycerophospholipid metabolism pathways were significantly decreased, whereas CDP-DG and PI were increased in gcgr−/− mutant (Figures 3A,B). Most of the PCs were increased after GCGR knockout, with only a few decreased. The same trend was observed for PSs and PEs. DGs were half increased and half decreased. Among six changed TGs, four of them (TG 56:8, TG 56:7, TG 60:3, TG 58:4) were up-regulated, whereas TG 58:6 and TG 62:7 were down-regulated. Among all of these changed lipids in glycerophospholipid metabolism, LPC (16:0) (−2.10) and LPC (P-18:0) (−1.91) were altered the most (Supplementary Table 1). To further investigate how GCGR affects lipid metabolism in multiple levels, we also carried out the integrated analysis of metabolomics data with our previous transcriptomics data (Kang et al., 2020). We found 29 significantly altered transcripts (Supplementary Table 3) were associated with glycerophospholipid metabolism. As shown in the Figure 3A, the transcriptional levels of genes encoded Pap, Dppl, Ept, Cpt, and Ptdsst1 were increased, whereas others such as Acs3, Lpat, Lpcat, Lpeat, and Lpiat were decreased, consistent with the metabolites profile (Figure 3A, Supplementary Table 3). Taken together, these data suggested glycerophospholipid metabolism reprogramming in GCGR-deficient zebrafish.

ARA metabolism was one of another dramatically changed pathway, with 33 metabolites altered. Fifteen PCs, which were the source for releasing of ARA, were altered (Figure 3B). Additionally, the transcriptional level of Pla2 (phospholipase A2) was decreased (Figure 4, Supplementary Table 3). ARA (ARA, −0.93) was down-regulated. Except for ARA and PC, all other 17 metabolites were increased (Figure 4, Supplementary Table 2). The products of ARA were eicosanoids, including prostaglandins, leukotrienes, lipoxins, thromboxanes, hepoxilins, isoprostanes, and hydroxyeicostetraenoic acids, which played important roles in organism physiology (Bend and Karmazyn, 1996; Sharma and Sharma, 1997; Fishbein et al., 2020). We found that the metabolites from six classes were increased, including prostaglandins consisting of PGE2 (prostaglandin E2, 0.93), PGG2 (prostaglandin G2, 1.20), 6-Keto-PGF1a (1.54), 6-keto-PGE1 (1.80), and 15-deoxy-PGJ2 (1.76); leukotrienes consisting of LTA4 (leukotriene A4, 1.87), LTB4 (leukotriene B4, 1.75), and 5(S)-HPETE (1.31); lipoxins consisting of LXB4 (lipoxin B4, 1.30), hepoxilins consisting of TXA3 (trioxilin A3, 1.43), and TXB3 (trioxilin B3, 1.21); hydroxyeicostetraenoic acids consisting of 15-OxoETE (2.23), 12(S)-HPETE (1.52), 15(S)-HPETE (1.64), 11,12,15-THETA (1.72), and 12-OxoETE (1.06); and isoprostanes consisting of 8-isoprostane (2.26) (Figure 4, Supplementary Table 2). Similarly, integrated analysis revealed transcriptional changes of related enzymes such as Lta4s, Pgs, and Xbmo, consistent with the alteration in metabolites (Figure 4, Supplementary Table 3). These data suggested that the ARA metabolism was up-regulated in gcgr−/− mutant.


[image: Figure 4]
FIGURE 4. GCGR knockout influenced arachidonic acid metabolism. Disturbed arachidonic acid metabolism. Dots represent metabolites, and blocks represent transcripts-encode enzymes. Red: up-regulated, blue: down-regulated; or green: set substrates mixed with both up-regulated and down-regulated metabolites.


Cholesterol metabolism was also influenced (Figure 5). The perturbed cholesterol metabolism was composed of steroid hormone biosynthesis pathway and biosynthesis of bile acid pathway. Through pathway analysis, steroid hormone biosynthesis was found to be dramatically changed with 18 altered metabolites (Supplementary Table 2). Among them, progesterone (−0.94) and testosterone (1.24) were significantly changed. As for bile acid metabolism, the mRNA levels of cholesterol 7alpha-monooxygenase (Cyp7a1) and sterol 27-hydroxylase (Cyp27a1) were decreased (Figure 5, Supplementary Table 3), which were important for bile acid synthesis. Moreover, the bile acids including taurocholic acid (−0.67), deoxycholic acid (−0.77), and chenodeoxycholate (−1.55) were all down-regulated, which were consistent with the alteration of related transcripts. These data suggested that the synthesis and content of bile acid in gcgr−/− mutant zebrafish were decreased. Taken together, these data suggested reprogramming in cholesterol metabolism in GCGR-deficient zebrafish.


[image: Figure 5]
FIGURE 5. GCGR knockout influenced cholesterol metabolism. Dots represent metabolites, and blocks represent transcripts-encode enzymes. Red: up-regulated, blue: down-regulated; or green: set substrates mixed with both up-regulated and down-regulated metabolites. The heatmap indicates altered bile acids. Z score normalized ionic strength for each metabolite was represented by different colors: high (red), low (blue), or average (white).




Amino Acid Metabolism Remodeling in gcgr−/− Mutant Zebrafish

Previous studies have revealed that GCGR blockade decreased hepatic amino acid catabolism and increased the serum amino acid level, revealing the important role of GCGR in regulating amino acid metabolism (Solloway et al., 2015; Dean et al., 2017; Galsgaard et al., 2018; Winther-Sorensen et al., 2020). In our study, the KEGG pathway analysis also indicated that 11 pathways were enriched in amino acid metabolism, which was in the second place of metabolism-related pathways (Figure 2C).

Glucagon pathway was one of the major regulators of ureagenesis (Morris, 2002). We also found that the ureagenesis included in amino acid catabolism was perturbed in gcgr−/− mutant by analyzing the metabolomics and transcriptomics data (Figure 6). There were five significantly changed metabolites (Supplementary Table 1) and six significantly altered transcripts (Supplementary Table 3). Three metabolites were down-regulated, including L-lysine (−2.07), L-arginine (−2.00), and L-asparagine (−1.49), whereas L-aspartate (1.45) and fumarate (1.51) were increased. Several genes encoding the key enzymes involved in ureagenesis were significantly down-regulated, including Nags, Cps1, Otc, and Gls. Taken together, these data may suggest that ureagenesis was down-regulated in gcgr−/− mutant.


[image: Figure 6]
FIGURE 6. GCGR knockout influenced ureagenesis. Dots represent metabolites, and blocks represent transcripts-encode enzymes. Red: up-regulated, blue: down-regulated; or green: set substrates mixed with both up-regulated and down-regulated metabolites. The heatmap indicates altered amino acids. Z score normalized ionic strength for each metabolite was represented by different colors: high (red), low (blue), or average (white).


Among the 11 enriched amino acid metabolism pathways, the tryptophan metabolism was dramatically affected in GCGR knockout zebrafish. Interestingly, all eight changed metabolites in the tryptophan metabolism pathway were decreased (Figure 7A). Notably, most metabolites involved in neurotransmitters serotonin and melatonin synthesis were significantly decreased, including serotonin (log2 FC, −1.77), n-acetylserotonin (−1.79), melatonin (−1.04), and 6-hydroxymelatonin (−1.85) (Figure 7A). Additionally, the mRNA levels of most enzymes participating in the tryptophan metabolism were significantly down-regulated, such as Ido1, Aanat, Asmt, and Nad (Figure 7A, Supplementary Table 3). Moreover, some other metabolites during tryptophan metabolism were also down-regulated, including indole-3-ethanol (−0.75), 3-methyldioxyindole (−1.00), skatole (−0.93), and formyl-5-hydroxykynurenamine (−1.25).


[image: Figure 7]
FIGURE 7. GCGR knockout influenced the tryptophan metabolism and locomotor activity in zebrafish. (A) Disturbed tryptophan metabolism. Dots represent metabolites, and blocks represent transcripts-encode enzymes. Red: up-regulated blue: down-regulated; gray: unvaried substrates. (B) Experimental validation of the melatonin level. (C) Locomotor activities were monitored in gcgr−/− mutants and WT zebrafish larvae under LD condition. (D,E) gcgr−/− mutants showed higher average moving distances at day (D) and night (E) than WT zebrafish larvae. Student t-test was conducted. *P < 0.05, **P < 0.01, ***P < 0.001.




gcgr−/− Mutant Zebrafish Dampened Melatonin Diel Rhythmicity and Increased Locomotor Activity

Melatonin is present in almost all organisms from bacteria to human, exerting autocrine and paracrine action and has been demonstrated to be expressed rhythmically, high at night and low during the day (Falcon et al., 2009; Cipolla-Neto and Amaral, 2018). Melatonin also plays an important role in the entrainment of daily and annual physiological and behavioral rhythms in vertebrates (Falcon et al., 2010; Pevet and Challet, 2011). Our metabolomics data suggested that melatonin was significantly decreased in gcgr−/− mutant. We then further study the dynamic changes of melatonin and its influence on locomotor activity in gcgr−/− mutant zebrafish. The melatonin level in gcgr−/− zebrafish was higher than WT zebrafish in a whole cycle of Zeitgeber time (ZT), significantly in ZT3, ZT11, and ZT23 (Figure 7B). Correspondingly, gcgr−/− zebrafish were more active, showing significantly enhanced moving distance (Figure 7C), both at day (Figure 7D) and night (Figure 7E), compared to WT zebrafish. These data suggested that GCGR knockout dampened melatonin diel rhythmicity and hence increased the locomotor activity in zebrafish.




DISCUSSION

Glucagon stimulates hepatic glucose output via activating GCGR in the liver. Antagonizing GCGR improves glycemic control in the diabetic state has been confirmed in clinic trials (Kazda et al., 2016; Scheen et al., 2017; Cheng et al., 2020). Nevertheless, blockade of GCGR by antagonists was accompanied by metabolic side effects, which could potentially limit the clinical application (Guan et al., 2015; Guzman et al., 2017; Scheen et al., 2017). Hence, a better understanding of the metabolic remodeling of organisms may provide useful information for antidiabetic therapies. In order to study the changes in GCGR-deficient animal, as well as for screening chemical modifiers to mitigate these side effects, we generated a GCGR knockout zebrafish model (Li et al., 2015). Our studies suggested that gcgr−/− mutant zebrafish displayed phenotypes similar to Gcgr-deficient mice, which had lower free glucose content, higher glucagon content, α-cell hyperplasia, and accentuation of fat in the liver (Li et al., 2015; Kang et al., 2020). We further analyzed the regulated metabolic network in transcriptional level by RNA-seq and found that many genes related to metabolism of carbohydrates, lipids, and amino acids were dysregulated in gcgr−/− mutant zebrafish (Kang et al., 2020). To get a more comprehensive understanding of gcgr-deficient zebrafish, we performed global metabolomics and lipidomics analysis of gcgr−/− zebrafish and conducted integrated analysis combining metabolome, lipidome, and transcriptome in this study. We identified 107 different metabolites from metabolomics and 87 different metabolites from lipidomics analysis. We further revealed that many pathways related to lipid metabolism and amino acid metabolism were disrupted through pathway analysis.

GCGR signaling has been demonstrated to play important roles in the regulation of lipid metabolism in mammals (Charron and Vuguin, 2015; Galsgaard et al., 2019). Similarly, we also revealed that many pathways in lipid metabolism were disrupted at transcriptional level in gcgr-deficient zebrafish, which also displayed a significant lipid accumulation in the liver (Kang et al., 2020). Consistently, we revealed that cholesterol metabolism was impaired after GCGR knockout in this study (Figure 5). Besides, we found that glycerophospholipid metabolism and ARA metabolism were reprogramed in gcgr−/− zebrafish.

Glycerophospholipids are the most abundant phospholipids, which are important lipid components in cellular membranes (Chauhan et al., 2016). In addition, glycerophospholipids are a source of physiologically active compounds that participate in the regulation of many cellular processes (Hishikawa et al., 2014; Rodriguez-Cuenca et al., 2017). The relationship between phospholipids metabolites and GCGR signaling has not been extensively studied. In our study, Most of PCs, PSs, and PEs were increased after GCGR knockout, and four of six changed TGs were also increased, whereas the amount of up-regulated DGs were equal to that of down-regulated DGs (5 vs. 5). Moreover, all the lyso-derivatives of glycerophospholipids, LPEs, LPCs, LPAs, and LPI, were down-regulated (Figures 3A,B). Consistently, the transcript level of lysophospholipid acyltransferases (Lpeat, Lpcat, Gapt, Lpiat) all declined (Figure 3A, Supplementary Table 3). Previous studies have shown that TGs and DGs were increased in obesity and T2D (Bitzur et al., 2009; Erion and Shulman, 2010; Markgraf et al., 2016), and PC levels were reduced in obese or insulin-resistant subjects (Razquin et al., 2018). Moreover, glucagon has been shown to stimulate hepatocyte TG secretion, and glucagon administration resulted in decreased TG plasma concentrations, as well as reduced hepatic TG content and secretion (Guettet et al., 1988; Bobe et al., 2003). However, how GCGR signaling regulates the glycerophospholipid metabolism remains to be further elucidated.

ARA metabolism was increased in GCGR knockout zebrafish (Figure 5), with 33 different metabolites involved in this pathway. Except for the ARA and PC set, all other 17 metabolites from this pathway were increased. These metabolites covering six classes of eicosanoids, including prostaglandins (PGG2, PGE2, 6-Keto-PGF1a, 6-keto-PGE1, 15-deoxy-PGJ2), leukotrienes (LTA4, LTB4, and 5(S)-HPETE), lipoxins (LXB4), hepoxilins (TXA3 and TXB3), hydroxyeicostetraenoic acids (15-OxoETE, 12(S)-HPETE, 15(S)-HPETE, 11,12,15-THETA, and 12-OxoETE), and isoprostanes (8-isoprostane). Metabolites derived from ARA metabolism have been implicated in immune surveillance, inflammation response, glucose metabolism, and lipid metabolism (Hartl and Wolfe, 1990; Tallima and El Ridi, 2018). And the metabolites of eicosanoids derived from ARA were involved in the regulation of pancreatic β-cell function, participating in the pathogenesis of diabetes and its complications (Luo and Wang, 2011; Sonnweber et al., 2018). Moreover, hyperglucagonemia caused by glucagonoma increased the levels of ARA, prostaglandins, and leukotrienes in patients (John and Schwartz, 2016). On the other hand, in vitro studies suggested that some of the prostaglandins can increase both basal and stimulated glucagon release (Giugliano et al., 1981; Walsh and Pek, 1984). However, how GCGR signaling participates in the regulation of ARA metabolism is yet to be explored.

GCGR blockade–induced hyperaminoacidemia has also been documented in mammals, from mice, monkey, to human patients (Okamoto et al., 2015; Larger et al., 2016; Galsgaard et al., 2018; Li et al., 2018). Studies further revealed that plasma hyperaminoacidemia was due to the decreased liver amino acid catabolism after GCGR inhibition (Solloway et al., 2015; Kim et al., 2017; Winther-Sorensen et al., 2020). High levels of plasma amino acids in turn stimulated the pancreatic α-cell hyperplasia, which has been defined as the liver-α cell axis (Dean et al., 2017; Galsgaard et al., 2018; Wewer Albrechtsen et al., 2018a). Similar to other studies, we found that the amino acid catabolism and ureagenesis were also downregulated in gcgr−/− zebrafish (Figure 6) (Kang et al., 2020; and this study), and the gcgr−/− zebrafish also displayed α-cell hyperplasia, suggesting that the liver-α cell axis is also conserved in zebrafish. Strikingly, several metabolites in the tryptophan metabolism pathway were dramatically down-regulated in gcgr−/− zebrafish (Figure 7A). Tryptophan and its metabolites play many key roles in different physiological processes, including cell growth, immune response, neurotransmission, and enteroendocrine cell metabolism (Martin et al., 2019; Platten et al., 2019). Although the kynurenine pathway of tryptophan degradation did not change, the serotonin, melatonin, and three indole metabolites (indole-3-ethanol, 3-methyldioxyindole, and skatole) were significantly decreased. As melatonin functions as an important modulator of sleep and circadian regulation, as well as pancreatic hormone secretion (Yabut et al., 2019; Garaulet et al., 2020), we then measured the melatonin contents and locomotor activity in a whole cycle of ZT. Our results indicated that melatonin diel rhythmicity was dampened in gcgr−/−, which resulted in increased locomotor activity. Studies have demonstrated that increase in melatonin levels leads to enhanced α cells glucagon secretion both in vitro and in vivo (Ramracheya et al., 2008; Bahr et al., 2011, 2012). Moreover, knockouts of melatonin receptor 1 (MT1), melatonin receptor 2 (MT2), or both significantly elevated GCGR mRNA levels in the liver (Bahr et al., 2011). And pinealectomized diabetic rats (melatonin is predominantly secreted by the pineal) displayed an enhanced number of GCGRs and increased glucagon-binding activities in the liver (Mellado et al., 1989). All these data suggested that melatonin is highly associated with glucagon pathway. However, further studies need to be conducted to investigate the detail mechanism of how they interact and regulate the circadian rhythm.

In summary, we performed a global metabolomics and lipidomics study of gcgr−/− mutant zebrafish, conducted the integrated analysis with global transcriptomics, and validated some findings in the model. We found that lipid metabolism and amino acid metabolism were remodeled in GCGR knockout. Consistent with GCGR studies in mammals, we also found that gcgr−/− zebrafish showed decreased ureagenesis and impaired cholesterol metabolism. Beyond these, we also found that the glycerophospholipid metabolism was disrupted, the ARA metabolism was up-regulated, and the tryptophan metabolism pathway was down-regulated (Figure 8). These global omics data provide us a better understanding of GCGR in the metabolism remodeling and may provide useful information for GCGR antagonism therapies.


[image: Figure 8]
FIGURE 8. Summary of the experimental workflow and findings. Global metabolomics and lipidomics analysis were performed to study the metabolic change of gcgr−/− mutant zebrafish. One hundred seven significantly different metabolites were found by metabolomics, and most of these metabolites were lipid and lipid-like molecules. Eighty-seven significantly different lipids were found by lipidomics. Integration analyses of metabolomics, lipidomics, and transcriptomics were then performed. Based on the analysis, we found that gcgr−/− zebrafish displayed some similar metabolic changes to other studies. Importantly, we found that knockout of GCGR in zebrafish resulted in down-regulated tryptophan metabolism, up-regulated arachidonic acid metabolism, and disruption of glycerophospholipid metabolism.
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Dysregulation of the inflammatory response in humans can lead to various inflammatory diseases, like asthma and rheumatoid arthritis. The innate branch of the immune system, including macrophage and neutrophil functions, plays a critical role in all inflammatory diseases. This part of the immune system is well-conserved between humans and the zebrafish, which has emerged as a powerful animal model for inflammation, because it offers the possibility to image and study inflammatory responses in vivo at the early life stages. This review focuses on different inflammation models established in zebrafish, and how they are being used for the development of novel anti-inflammatory drugs. The most commonly used model is the tail fin amputation model, in which part of the tail fin of a zebrafish larva is clipped. This model has been used to study fundamental aspects of the inflammatory response, like the role of specific signaling pathways, the migration of leukocytes, and the interaction between different immune cells, and has also been used to screen libraries of natural compounds, approved drugs, and well-characterized pathway inhibitors. In other models the inflammation is induced by chemical treatment, such as lipopolysaccharide (LPS), leukotriene B4 (LTB4), and copper, and some chemical-induced models, such as treatment with trinitrobenzene sulfonic acid (TNBS), specifically model inflammation in the gastro-intestinal tract. Two mutant zebrafish lines, carrying a mutation in the hepatocyte growth factor activator inhibitor 1a gene (hai1a) and the cdp-diacylglycerolinositol 3-phosphatidyltransferase (cdipt) gene, show an inflammatory phenotype, and they provide interesting model systems for studying inflammation. These zebrafish inflammation models are often used to study the anti-inflammatory effects of glucocorticoids, to increase our understanding of the mechanism of action of this class of drugs and to develop novel glucocorticoid drugs. In this review, an overview is provided of the available inflammation models in zebrafish, and how they are used to unravel molecular mechanisms underlying the inflammatory response and to screen for novel anti-inflammatory drugs.
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INTRODUCTION


Inflammation and Inflammatory Diseases

When the body encounters harmful stimuli, such as invading pathogens, wounding or damaged cells, the immune system will be activated and an inflammatory response is triggered (Netea et al., 2017; Chen et al., 2018). This response is induced by Pattern Recognition Receptors (PRRs) such as Toll-Like Receptors (TLRs) recognizing patterns in molecules characteristic for microbes [Pathogen-Associated Molecular Patterns (PAMPs)], or molecules released by damaged cells [Damage-Associated Molecular Patterns (DAMPs)]. Subsequently, immune cells release pro-inflammatory cytokines, such as IL-1β and TNF-α, which in turn stimulate the synthesis and release of inflammatory mediators, including chemokines and prostaglandins (Takeuchi and Akira, 2010; Netea et al., 2017). Directed by the chemokine gradients, leukocytes migrate toward the inflamed site to deal with the damaged tissue or invading microbes (Bonecchi et al., 2009; MacLeod and Mansbridge, 2016). These changes at the molecular level will lead to the five classical symptoms of inflammation: heat, pain, redness, swelling, and eventually loss of function. Normally, the inflammatory processes are actively terminated through functional reprogramming of involved cells, which results in restored homeostasis (Netea et al., 2017).

A dysregulated inflammatory response is observed in various diseases. Abnormally and excessively activated inflammation plays an essential role in the pathogenesis of inflammatory disorders such as asthma, rheumatoid arthritis, and allergic and autoimmune diseases (Marrack et al., 2001; Ngoc et al., 2005). Chronic inflammation in the gastrointestinal tract can lead to inflammatory bowel disease (IBD), which may even cause non-digestive tract complications (Hanauer, 2006). In addition, it has become apparent that chronic inflammation is involved in some diseases that were previously not considered to be inflammation-related, including cancer, type 2 diabetes, neurodegenerative diseases, and atherosclerosis (deLegge and Smoke, 2008; Grivennikov et al., 2010; Mathis and Shoelson, 2011; Geovanini and Libby, 2018). Finally, although inflammation serves primarily as a beneficial defense response against infections, acute or chronic overactivation of the inflammatory response is well-known to exacerbate infectious disease pathologies, for example in COVID-19 and tuberculosis (Kaufmann and Dorhoi, 2013; Merad and Martin, 2020).

Traditionally, the therapeutic regimen for inflammation includes the use of steroidal [glucocorticoid (GC)] and non-steroidal anti-inflammatory drugs (Li et al., 2017). However, the use of these drugs may provoke multiple side effects including osteoporosis, gastrointestinal disorders, cardiovascular or cerebrovascular events, and infection (Antman et al., 2007; Moghadam-Kia and Werth, 2010). Moreover, drug resistance may occur in a subpopulation of patients (Moghadam-Kia and Werth, 2010). In the past decades, successful application of monoclonal antibodies against targets such as TNF-α, CD20, or the IL-6 Receptor, have dramatically improved the prognosis of patients with inflammatory disorders, in particular rheumatoid arthritis (Senolt, 2019). In addition, novel inhibitors of inflammatory signaling pathways involving NF-κB, p38 MAP kinase, T lymphocyte activation, and JAK/STAT have been discovered (O'Neill, 2006; Li et al., 2017). Despite this notable progress, there is still an unmet need for more effective and safer anti-inflammatory drugs. In this review, we discuss the usefulness of the zebrafish as an animal model for studying the mechanims of inflammation and as a screening system to accerelate research aimed at the discovery of novel anti-inflammatory drugs (an overview is presented in Tables 1, 2).


Table 1. Overview of zebrafish models for inflammation.
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Table 2. Overview of drugs showing anti-inflammatory effects in zebrafish inflammation models.
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The Zebrafish as an Animal Model for Biomedical Research

The use of zebrafish (Danio rerio) as a research model started in the 1950s and it was initially applied for studying embryonic development (Streisinger et al., 1981). The zebrafish is a tropical fish that grows in freshwater at temperatures between 24.6 and 38.6°C (Engeszer et al., 2007). When zebrafish find a shore of shallow water, they tend to spawn in the morning, which can be easily simulated in the laboratory with sliding bottom inserts and lamp light at 28°C (Eaton and Farley, 1974; Avdesh et al., 2012). The transparent embryonic and larval stages, the relatively short generation time, the small size and strong reproduction ability of zebrafish make it a highly versatile animal model. Over the years, genetic tools and experimental methods have been applied, leading to the successful sequencing of the zebrafish genome, enabling rapid screening of gene function, and the generation of various transgenic or mutant fish lines and models for studying human diseases (Barut and Zon, 2000; Vogel, 2000; Lieschke and Currie, 2007). Due to the accumulation of knowledge and available tools for zebrafish, we are currently able to optimally exploit the advantages of this model.

Although initially used to study embryonic development, the zebrafish has emerged as a versatile animal model in diverse areas of biomedical research, including immunology, toxicology, cancer, and behavioral biology (Tavares and Santos Lopes, 2013; Patton and Tobin, 2019). In recent years, there have been many successful attempts modeling human diseases using zebrafish. For example, the characteristics of benign and malignant tumors that develop in zebrafish are similar to the histological symptoms of human tumors (Amatruda et al., 2002), zebrafish infected with Mycobacterium marinum simulate hallmarks of human tuberculosis (Prouty et al., 2003), and the phenotype of zebrafish carrying a mutation in the gene sauternes closely resembles the pathology of human X-linked congenital sideroblastic anemia (Brownlie et al., 1998). In this review, we will discuss how the zebrafish is used as an animal model for inflammatory diseases and how the available models have been used for research on anti-inflammatory drugs.

An important advantage of the model is that the small size of zebrafish embryos and the development of automated techniques facilitate high-throughput screening (Carvalho et al., 2011; Meijer and Spaink, 2011; Bischel et al., 2013). Although C. elegans and Drosophila are also frequently used for high-throughput screening, their cuticles may act as a barrier for diffusion (Strecker et al., 1995; Burns et al., 2010). Zebrafish embryos do not have cuticles, and most drugs can therefore be delivered by simply adding them to the culture medium at a relatively low dose. As a vertebrate, zebrafish are evolutionarily more closely related to mammals compared to worms and flies, so results can be more easily extrapolated to humans. Therefore, zebrafish models have a strong potential to serve as whole animal models to be used in preclinical bioassays during drug development.

In addition to the application of zebrafish for testing the efficacy of drugs in specific disease models, they are also commonly used for testing toxicity of drug candidates. Standardized toxicity tests exist, such as the Fish Embryo Acute Toxicity Test (FET), for which guidelines have been published by the Organization for Economic Co-operation and Development (2013). In addition to these general toxicity assays using mortality and obvious morphological changes as endpoints, more specialized assays are available to determine e.g. reproductive toxicity, hepatotoxicity, nephrotoxicity, cardiotoxicity, and assessment of seizure and drug abuse liability (Miyawaki, 2020; Shen and Zuo, 2020).

The immune system of zebrafish is highly similar to that of humans. The innate branch of the immune system matures first during zebrafish development, and macrophages can be observed from 15 h post-fertilization (hpf) (Herbomel et al., 1999). By the onset of blood circulation at 26 hpf, embryonic macrophages are already capable of phagocytosing particles, producing reactive oxygen species (ROS), and killing pathogens (Herbomel et al., 1999; Hermann et al., 2004). The zebrafish neutrophils, which develop by 18 hpf and mature between 24 and 48 hpf, resemble human neutrophils regarding the segmented nuclei, granules, and expression of myeloperoxidase (Bennett et al., 2001; Lieschke et al., 2001). Additionally, zebrafish show conserved critical parts of the adaptive immune system, including thymus development, thymocyte development and the function of T-cells and B-cells (Langenau and Zon, 2005). The adaptive immune system matures after 3 to 4 weeks (Lam et al., 2004; Page et al., 2013), which means that the innate immune system can be studied separately during early embryonic and larval stages. The inflammatory response has also been found to be well-conserved in zebrafish and this has been successfully exploited to increase our mechanistic understanding of the role of neutrophils in inflammatory diseases (Henry et al., 2013; Shelef et al., 2013). The inflammatory response in zebrafish larvae can be induced using a variety of approaches. In this review we provide an overview of different methods to trigger inflammation (see Figure 2 for a schematic overview of these different methods), and we discuss how they are used for studies on the molecular mechanisms underlying the inflammatory response as well as for research aiming at the development of novel anti-inflammatory drugs, in particular novel GC drugs.




INFLAMMATORY DISEASE MODELS IN ZEBRAFISH


Wounding-Induced Inflammation
 
Introduction

Acute inflammation induced by tail wounding is a well-established model for inflammation and regeneration studies in zebrafish (Figures 1, 2A). Tail wounding can be performed by amputation of part of the tail fin, or incision of the fin with a sterile scalpel or needle under a stereo microscope, which can be performed in zebrafish embryos, larvae and adults (Lee et al., 2005; Mathias et al., 2006; Renshaw et al., 2006). In embryos (stages up to 72 hpf) and larvae (72 hpf onwards), the amputation may include a distal part of the notochord, to induce a stronger response (Figure 1A). Subsequently, an acute local inflammatory response can be observed, inducing accumulation of macrophages and neutrophils near the wounded area (Renshaw et al., 2006). The visualization of leukocytes is possible through the use of transgenic fish in which the expression of autofluorescent proteins, such as GFP and mCherry, is driven by promoters which are specifically active in neutrophils [such as the myeloperoxidase (mpx) (Renshaw et al., 2006) and lysozyme (lyz) promoter (Hall et al., 2007)], or in macrophages [such as the macrophage-expressed gene-1 (mpeg-1) (Ellett et al., 2011; Bernut et al., 2014) and mfap4 promoter (Walton et al., 2015)], or by a promoter that marks both these cell types [coro1a (Li et al., 2012) and pu.1 (Peri and Nüsslein-Volhard, 2008; Sieger et al., 2012)]. Besides direct transection, the wounding can also be inflicted by laser irradiation of the epidermis on the trunk (Feng et al., 2010), the yolk sac (Redd et al., 2006), skeletal muscle tissue (Otten and Abdelilah-Seyfried, 2013), or melanocytes over the yolk sac (Mathias et al., 2009) and in the caudal hematopoietic tissue (CHT) (Yoo et al., 2010). Recently, thermal damage inflicted to the tail fin by a cautery pen has been shown to result in a dramatic loss of collagen fibers in the wound region (unlike tail fin transection), which was accompanied by a stronger inflammatory response and a delayed regeneration than observed after tail transection (LeBert et al., 2018; Miskolci et al., 2019). It should be noted that the embryonic and larval tail fins are not a vascularized tissue and that many of the recruited leukocytes migrate from nearby tissues (e.g., the CHT) to the wound. Therefore these models mostly disregard intravascular migration of leukocytes.


[image: Figure 1]
FIGURE 1. Tail transection in zebrafish larvae as a model for inflammation. (A) Schematic drawing of a zebrafish larva at 3 dpf. The dashed red line shows a site of transection (in some studies, the transection site may not include the a part of notochord). (B–E) Confocal microscopy images of tail from amputated larvae of the following transgenic lines: Tg(mpeg1:mcherry-F) (B), Tg(mpx:GFP) (C), Tg(il1b:GFP) (D), Tg(mpeg1:mCherry-F/tnfa:eGFP-F) (E). Images were taken at 4 h post-amputation using a Nikon Eclipse Ti-E microscope with a Plan Apo 20X/0.75 NA objective. Images show accumulation of macrophage (B) and neutrophils (C), activation of the il1b gene (D), and tnfa expression in macrophage (E) near the wound. In (E), arrow heads indicate macrophages in which tnfa was activated.
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FIGURE 2. Schematic overview of commonly used zebrafish larval inflammation models. (A) Transection of the tail fin. (B) LPS injection in the yolk sac. (C) CuSO4 immersion causing damage to the neuromasts. (D) LTB4 injection in the otic vesicle. (D′) LTB4 immersion. (E) Chemical-induced intestinal inflammation. All presented models induce leukocyte recruitment. Red cells represent macrophages and purple cells represent neutrophils (in some models, the macrophage infiltration is not shown because it has not been investigated in the studies cited in this review). Alternative zebrafish larval inflammation models, discussed in the text but not presented in this figure, include laser wounding-, tail fin incision-, LPS immersion-, and mutation-induced inflammation. For the tail fin transection/incision, CuSO4 immersion and intestinal inflammation models, adult zebrafish have been used as well.




Studies on Molecular Mechanisms Underlying the Inflammatory Response

Using the zebrafish tail wounding model for inflammation, different molecular pathways of the inflammatory response have been unraveled. As a first response to wounding, the damaged epithelium generates a sustained hydrogen peroxide [H2O2, a major reactive oxygen species (ROS)] gradient from the wounded site, through local activation of the epithelial NADPH oxidase Duox (Niethammer et al., 2009; Enyedi and Niethammer, 2013). This gradient initiates the recruitment of leukocytes to the wounded area, in particular neutrophils, which use the Src family kinase Lyn as a redox sensor to detect the H2O2 gradient (Yoo et al., 2011). In addition, epithelial cells have been shown to use fatty acid β-oxidation to increase their mitochondrial ROS production in response to wounding. This process requires the activity of a zebrafish homolog of the mammalian mitochondrial enzyme, Immunoresponsive gene 1 (IRG1), and was shown to contribute to neutrophil recruitment (Hall et al., 2013, 2014a).

In neutrophils, phosphoinositide 3-kinase (PI3K) was found to mediate migration by inducing actin polymerization and generating membrane protrusions at the leading edge through Rac activation and polarization of F-actin dynamics (in a Rac-independent way), which is required for actomyosin-mediated tail contraction (Yoo et al., 2010). Treatment with the microtubule-destabilizing drug nocadozole impairs neutrophil migration toward wounds, even though this process enhances the polarity of F-actin dynamics (Yoo et al., 2012). SHIP phosphatases limit neutrophil mobility and their migration toward a wound, probably by inhibiting PI3K activity (Lam et al., 2012). Neutrophil migration also appears to require the Wiskott-Aldrich syndrome protein (WASp) for their proper migratory behavior (Cvejic et al., 2008).

Macrophages migrate to a wounded area by extension of pseudopods and they are capable of phagocytosing tissue debris (Mathias et al., 2009). Microtubule disassembly by nocadozole inhibited macrophage migration toward a wound, through global activation of Rho kinase (ROK) and thus a loss of the polarity of ROK activity (Redd et al., 2006). Two distinct subsets of zebrafish macrophages were identified using a Tg(tnfa:GFP) reporter line, similar to the differentiation processes that are observed in mammalian macrophages (Mosser and Edwards, 2008; Nguyen-Chi et al., 2015). GFP-positive macrophages could already be observed at 1 hour post-wounding, and they are characterized by a flattened and lobulated morphology, and expression of markers characteristic of classically activated, pro-inflammatory (M1) macrophages. Those GFP-positive macrophages could convert to negative ones, which dominate the population at later stages, showing features of alternatively activated, anti-inflammatory (M2) macrophages.

The migration of leukocytes upon tail wounding is dependent on de novo protein synthesis, since treatment with the protein synthesis inhibitor cycloheximide was shown to inhibit the migration of neutrophils and macrophages (Chatzopoulou et al., 2016). Both AP-1- and NF-κB-induced transcription have been shown to be involved and the action of these transcription factor complexes is highly regulated by MAP kinase (MAPK) activity. One class of MAPKs, the c-Jun N-terminal Kinases (JNKs), are involved in the regulation of the AP-1-induced transcription, whereas another class, the p38 MAPKs, appeared not to be alter the function of AP-1. Upon wounding, active JNKs were shown to activate c-Jun, which in turn induces the transcription of mmp13 in neutrophils, which is required for the migration of these cells (Zhang et al., 2008). This JNK/c-Jun/Mmp13 pathway can be inhibited by Mkp-1 (Zhang et al., 2008). In addition, JNK-mediated c-Jun activation results in an increased expression of the alox5 gene, encoding the 5-lipoxigenase Alox5, a key enzyme involved in the biosynthesis of leukotrienes, including LTB4 (Liu et al., 2013). This pathway was also shown to be required for neutrophil migration upon tail wounding and could be inhibited by activation of the cannabinoid receptor type 2 (Cnr2) (Liu et al., 2013). NF-κB activation, characterized by p65 phosphorylation, was shown to be dependent on the phosphorylation of another class of MAPKs, the Extracellular signal-regulated kinases (ERKs) (Ren et al., 2018). The activation of this pathway was shown to be dependent on the circadian gene period1b (per1b), and results in an increased expression of pro-inflammatory molecules like tnfa, il1b, il6, and il8 (Ren et al., 2018).

The cytokine IL-8 (or CXCL8) is known to be a potent chemoattractant for neutrophils in mammalian systems (Huber et al., 1991; Baggiolini and Clark-Lewis, 1992). The zebrafish homologs Cxcl8a (Cxcl8-l1) and Cxcl8b.1 (Cxcl8-l2) have been shown to be upregulated upon tail wounding, mediating neutrophil recruitment through Cxcr2 (Sarris et al., 2012; de Oliveira et al., 2013). The chemokines Ccl2 and Cxcl11aa were demonstrated to be required for the wound-induced migration of macrophages by knocking down the expression of the genes encoding their respective receptors, Ccr2 and Cxcr3.2 (Xie et al., 2019). Suppressing the activation of the cytokine IL-1β (by caspase-1 inhibitors and P2X7 antagonists) resulted in attenuated migration of neutrophils and macrophages (Ogryzko et al., 2014). In addition, knockdown of the gene encoding Il-1β by morpholino treatment was shown to decrease the migration of neutrophils toward the wounded area in two studies (although Il-1β appeared to be dispensable for random basal motility) (Ogryzko et al., 2014; Yan et al., 2014). The migration of macrophages was not affected upon by il1b morpholino knockdown in one study (Ogryzko et al., 2014), and decreased in another (Yan et al., 2014). The Il-1β pathway (also involving the adaptor protein MyD88) was shown to act independently of NADPH oxidase-mediated ROS production, since treatment with the NADPH oxidase inhibitor DPI did not affect il1b expression levels (and vice versa: il1b and myd88 knockdown did not affect ROS production upon tail wounding) (Yan et al., 2014).

Several hours after the wounding, the response enters the resolution phase, and active Wnt/β-catenin signaling has been suggested to play a role in this transition (Petrie et al., 2014). In the resolution phase of the inflammatory response, neutrophils leave the wounded area (a process called reverse migration) or undergo apoptosis (de Oliveira et al., 2016). The survival of neutrophils is regulated by Serum and Glucocorticoid Regulated Kinase 1 (SGK1), which is an anti-apoptotic protein downstream of the neutrophil survival factor GM-CSF (Burgon et al., 2014). The hypoxia-inducible factor-1α (HIF-1α) has been proven to be a critical factor for the regulation of myeloid cell function in mammals, and the activation of Hif-1α delays the resolution of inflammation in zebrafish by inhibiting neutrophil apoptosis and reverse migration (Elks et al., 2011). The reverse-migrating neutrophils were found to exhibit an activated morphology and to respond normally to a secondary challenge such as a local bacterial infection (Ellett et al., 2015). In a recent study it was shown that the reverse migration of neutrophils from the wound to the secondary bacterial infection locus is slowed down upon Hif-1α activation (Schild et al., 2020). The Cxcl12/Cxcr4 signaling axis plays a role in neutrophil retention and the knockdown of cxcr4b and cxcl12a or the pharmacological inhibition of this signaling increased the movement of neutrophils away from the wounded area (Isles et al., 2019).

Recently, the commensal microbiota has been shown to modulate innate immunity and the inflammatory response in zebrafish, with different bacterial species having different effects (Rolig et al., 2015). Early exposure of zebrafish to commensal microbes primed neutrophils and induced several genes encoding pro-inflammatory and anti-viral mediators. Upon tail wounding, an increased recruitment of neutrophils was observed in the microbiota-colonized zebrafish (Galindo-Villegas et al., 2012; Kanther et al., 2014). This priming effect of the neutrophils by the commensal microbes appeared to be mediated through the Tlr/Myd88 signaling pathway (Galindo-Villegas et al., 2012), and the induction of the acute phase protein serum amyloid A (Saa) was required for the increased migration of the neutrophils. This effect of Saa was shown to be mediated by NF-κB-dependent gene expression (Kanther et al., 2014). In addition, a short-chain fatty acid produced by microbes in the gut, butyrate, was shown to reduce neutrophil migration to a wound via a Hydroxycarboxylic acid receptor 1(Hcar1)-dependent pathway and to reduce the recruitment of M1 macrophages, independent of Hcar1 (Cholan et al., 2020). For regeneration studies, the amputation is often performed on 2 days post fertilization (dpf) zebrafish, after which tissue repair can be observed gradually and complete regeneration can be established 3 days later, at 5 dpf, which is in many countries (including those belonging to the European Union) within the time frame in which regulations of animal experimentation do not apply (Kawakami et al., 2004; Mathew et al., 2007). It was demonstrated that the tissue regeneration of zebrafish embryos is dependent on ROS-induced vimentin production at the wound edge, and that the Stat3 and Tgfβ signaling pathways are involved in this process (LeBert et al., 2018; Miskolci et al., 2019). Furthermore, It was shown that regeneration was not affected after ablation of macrophages and neutrophils using morpholino knockdown of the pu.1/spi1b gene, which encodes a transcription factor required to permit myeloid cell development (Mathew et al., 2007). However in later studies, macrophages were shown to be crucial for cell proliferation and tissue regeneration, since ablation of macrophages by an irf8 morpholino (which drives myeloid cell fate toward neutrophil development) resulted in impairment of the fin regeneration, and the presence of large vacuoles in the regenerated tissue (Li et al., 2012). A specific subset of macrophages, peripheral tissue-resident macrophages, were shown to contribute to tail fin regeneration by ROS production and downregulation of inflammatory mediators such as Il-1β at the damaged site (Morales and Allende, 2019). In the adult zebrafish tail fin amputation model, macrophages have also been shown to enhance tail fin regeneration, by regulating tissue growth and bone ray patterning, which was demonstrated by depletion of macrophages in transgenic fish using the nitroreductase (NTR)/metronidazole(MTZ) cell ablation technology (Petrie et al., 2014). Mutation of the runx1 gene reduced neutrophil numbers, but did not affect tail fin regeneration (Li et al., 2012). These findings suggest that the inflammatory response induced by wounding, in particular the recruitment of macrophages, is critical for tissue repair and regeneration.



Drug Discovery Studies

Tail wounding-induced inflammation in zebrafish has been used for anti-inflammatory drug testing and screening in numerous studies. Natural compounds, well-characterized drugs and defined pathway inhibitors have been tested and several libraries of such compounds have been screened in this model system. These studies contributed to the validation of this inflammation model and resulted in the identification of a number of novel anti-inflammatory compounds, requiring validation in other models and further optimization and testing.

In order to find new anti-inflammatory drugs from collections of existing or clinically approved drugs [drug repositioning (Ashburn and Thor, 2004)], a library of approved drugs that had not previously been characterized as anti-inflammatory compounds, were screened for their ability of suppressing neutrophil recruitment in the zebrafish tail wounding assay (Hall et al., 2014b). Interestingly, the 10 most potent repositioned drugs from this zebrafish screen (including amodiaquin dihydrochloride, alfuzosin hydrochloride, and clonidine hydrochloride) also displayed anti-inflammatory activity in a mouse model of skin inflammation. To discover novel analogs of an existing drug with reduced side effects, several analogs of thalidomide were screened using the zebrafish tail wounding model. A number of these analogs were shown to cause a reduction in neutrophil recruitment, without displaying the infamous teratogenic side effects of the original drug (Beedie et al., 2016). Important drug targets for accelerating the resolution of inflammation, ErbBs, were identified by screening kinase inhibitors in the zebrafish tail fin wounding model (Rahman et al., 2019). ErbB inhibitors and simultaneous gene knockdown of two genes that encode ErbB kinases (egfra and erbb2) resulted in suppression of neutrophil apoptosis and reduced the level of inflammation in zebrafish larvae.

In addition, structure-function studies have been performed using this model. For example, meisoindigo, which is a derivative of indirubin, a chemical constitute of the traditional Chinese herbal medicine Qing Dai was found to inhibit leukocyte migration induced by tail wounding without affecting reverse migration or Akt and Erk activity, whereas indirubin (which represents the core structure of meisoindigo) did not show an effect (Ye et al., 2017). Moreover, a particular chemical group, consisting of fused benzene and pyran rings with an attached carbonyl group (1,4-benzopyrone) or its isomer “coumarin” (1-benzopyran-2-one), was found to be present in four of the nine most-active pro-resolution compounds identified in a large screen of 2,000 well-characterized and approved drugs. All four of these drugs accelerated the resolution of the inflammation and three of them also inhibited neutrophil migration toward the wound (Robertson et al., 2014). Other compounds containing this benzopyrone structure were shown to have similar effects and the most active one, isopimpinellin, was found to inhibit the recruitment of leukocytes (by inhibiting PI3K), and to promote the resolution phase (by inducing neutrophil apoptosis) (Robertson et al., 2016).

Natural compound libraries are rich sources for drug discovery. Various natural products have been demonstrated to have an inhibitory effect on the infiltration of leukocytes near the wounded area, including extracts from the medicinal herb ginseng (roots of plants in the genus Panax, such as Panax ginseng) (Sun et al., 2019). One of the bioactive compounds in these extracts was shown to be the ginsenoside Rg1, a glycosylated steroid that exerts its anti-inflammatory activity through the glucocorticoid receptor (GR) (He et al., 2020). Using a library of fungal extracts, two compounds, sterigmatocystin and the antibiotic PF1052, were found to inhibit neutrophil recruitment (Wang et al., 2014). Similar effects on leukocyte migration have been observed for an essential oil from Thymus vulgaris (Polednik et al., 2018), for the coumarin-derivative bergapten isolated from Ficus hirta roots (Yang et al., 2018), for a hyperthermostable superoxide dismutase from the Thermus thermophilus HB27 (TtSOD) (Sheng et al., 2019), for an extract from the green seaweed Cymopolia barbata and its major active component, cymopol (Bousquet et al., 2020), and for the compound micrometam C isolated from Micromelum falcatum trees, which are mangrove associates (Tang et al., 2015). Downregulation of the expression of various pro-inflammatory genes and upregulation of the anti-inflammatory gene il10 in the tail-wounding assay was found for an extract from Clerodendrum cyrthophyllum Turcz leaves (Nguyen et al., 2020). Inhibition on tail wound-induced ROS generation was shown for a metabolite isolated from the red seaweed Laurencia snackeyi, 5β-Hydroxypalisadin B (Wijesinghe et al., 2014), for bergapten (Yang et al., 2018) and for the polysaccharide fucoidan, extracted from the brown seaweed Ecklonia cava (Lee et al., 2013). The latter two compounds also attenuated the inflammatory response by inhibiting the synthesis of Nitric Oxide (NO), which is an important inflammatory mediator. Enhancement of the resolution of the inflammation, by promoting neutrophil apoptosis and reverse migration, was demonstrated for tanshinone IIA, a compound extracted from the root of the plant species Salvia miltiorrhiza (Robertson et al., 2014).




Chemical-Induced Inflammation
 
LPS-Induced Inflammation

Lipopolysaccharide (LPS) is an endotoxin in the cell walls of Gram-negative bacteria which acts as a PAMP that induces the innate immune response upon recognition by TLRs (Beutler and Rietschel, 2003). LPS-induced inflammation in zebrafish is generally established by non-invasive immersion of embryos in egg medium containing LPS (Watzke et al., 2007; Novoa et al., 2009) or injection into the yolk (Yang et al., 2014; Figure 2B). In mammals, the immune response to LPS is characterized by TLR4-mediated induction of NF-κB and the expression of various inflammatory mediators, including TNFα and IL-1 (Chow et al., 1999; Akira and Takeda, 2004). However, the TLR4 paralogs identified in zebrafish do not recognize LPS, due to the differences in extracellular structures for recognition and the lack of essential costimulatory molecules (Iliev et al., 2005; Sepulcre et al., 2009; Sullivan et al., 2009).

Despite the poorly characterized recognition mechanism for LPS, a response similar to that observed in mammalians has been observed, indicating a high degree of conservation between the zebrafish and mammalian transcription factors and signaling pathways in response to LPS stimulation (Copeland et al., 2005; Forn-Cuní et al., 2017). LPS stimulation enhanced the production of NO and ROS, increased the levels of iNos and Cox2 proteins, and the mRNA levels for p65, nfkbiaa and other genes encoding key pro-inflammatory cytokines including tnfa and il1b (Watzke et al., 2007; Ko et al., 2017). Pre-treatment of zebrafish with a sublethal dose of LPS was shown to prevent mortality as a result of a subsequent lethal dose of LPS, which demonstrates that tolerance, generally observed in mammals, can be reproduced in zebrafish. Cxcr4 signaling appeared to play an important role in the occurrence of LPS tolerance (Novoa et al., 2009; Dios et al., 2014).

LPS-induced inflammation in zebrafish has been used as a model for research on anti-inflammatory drugs. A lot of compounds and extracts from traditional medicinal or non-medicinal herbs were tested using this model, and several of these showed inhibition on LPS injection-induced inflammation. Chlorogenic acid, a polyphenolic compound which occurs in coffee and phillyrin (the main ingredient in Forsythia suspensa Vahl fruits) inhibited macrophage and neutrophil recruitment to the site where LPS was injected, and improved the survival rate (Yang et al., 2014, 2017). The latter compound inhibited the MyD88/NF-κB signaling pathway by decreasing expression levels of genes encoding IκBα, Il-1β, Il-6, and Tnf-α (Yang et al., 2017). Extracts from Chimonanthus nitens Oliv. leaves also inhibited recruitment of neutrophils (and not macrophages), reduced the LPS-induced upregulation of il1b, il6, and tnfa expression (Sun et al., 2017). The protein TtSOD, which inhibited tail wounding-induced neutrophil migration, was also shown to inhibit neutrophil infiltration upon LPS injection (Sheng et al., 2019).

In many studies, the ROS and/or NO production have been used as a readout for the anti-inflammatory effect. Polyphyllin VII (PP7) from Paris polyphylla inhibited NO generation, and also deceased the heartbeat and attenuated the yolk sac edema after LPS injection into the yolk sac (Zhang et al., 2019). Fucoidan and a polyphenol-rich fraction extracted from Ecklonia cava inhibited both NO and ROS formation (Lee et al., 2013; Kim et al., 2014), just like the compound 5β-Hydroxypalisadin B, which was also shown to be anti-inflammatory in the tail-wounding model (Wijesinghe et al., 2014). The polyphenol-rich fraction extracted from Ecklonia cava also decreased cell death and improved survival (Kim et al., 2014). In some reports, only the NO generation was used as an indicator for the anti-inflammatory effect of drugs, and this has been used to demonstrate the effects of caffeine (Hwang et al., 2016) and oleuropein, a phenolic compound present in olives and leaves of the olive tree (Olea europaea) (Ryu et al., 2015).

Apolipoprotein(apo)A-I is one of the major constituents of high-density lipoproteins (HDLs) which has been shown to have anti-inflammatory effects (McDonald et al., 2003). The role of apoA-I modification was tested in zebrafish embryos by co-injecting LPS and HDLs containing either native or glycated apoA-I. The results demonstrated a reduced mortality upon injection of HDLs with native apoA-I, probably due to its anti-inflammatory effect (Park and Cho, 2011).

LPS treatment has also been used in combination with tail wounding to enhance leukocyte accumulation near the wound. This model was utilized to evaluate the bioactivity of structurally diverse natural products of an East African medicinal plant, Rhynchosia viscosa, resulting in the identification of both known and novel isoflavone derivatives with anti-inflammatory activity (Bohni et al., 2013; Cordero-Maldonado et al., 2013).



Copper-Induced Inflammation

Copper is a trace element acting as a catalytic cofactor for various enzymes involved in energy and antioxidant metabolism (Linder and Hazegh-Azam, 1996). Excessive inorganic copper from the environment could disturb the copper balance in zebrafish and lead to an inflammatory response mediated by damage from the oxidative stress (Pereira et al., 2016). In adults, soluble copper was reported to induce oxidative damage and apoptosis in the gills and showed dose-dependent lethality (Craig et al., 2007; Griffitt et al., 2007). Upon copper sulfate (CuSO4) treatment, the neutrophils in the kidney marrow were found to be activated, and analysis of the proteome of neutrophils revealed regulation of proteins involved in cell cycle, NO signaling, regulation of cytoskeleton, and immune-related processes (Singh et al., 2014).

Exposure of zebrafish embryos to CuSO4 was reported to inhibit the survival and development of embryos (Dave and Xiu, 1991; Johnson et al., 2007). It induces an inflammatory status, which is related to exacerbated damage and oxidative stress, and the endogenous signaling molecule adenosine was shown to be involved (Leite et al., 2013). Importantly, within 2 h this treatment induces death of hair cells in the neuromasts of the lateral line, which regenerate and reach full functionality 1 day later (Hernández et al., 2006; Olivari et al., 2008). This damage to the neuromasts results in a localized robust inflammatory response in the neuromasts, including the infiltration of macrophages and neutrophils (d'Alençon et al., 2010; Figure 2C). The recruited macrophages play a critical role in the regeneration of damaged hair cells since ablation of macrophages significantly delays this process, while neutrophils are not required (Carrillo et al., 2016).

The accumulation of neutrophils in the neuromasts is one of the most frequently used indicators for the level of inflammation in this model and has been applied to assess the effect of known anti-inflammatory drugs (d'Alençon et al., 2010). Since the induction of inflammation by CuSO4 can be established by just adding the compound into the culture medium, an automated high-throughput drug screening assay could be developed with this model based on leukocyte accumulation around neuromasts, using a double transgenic line with the neutrophils labeled in red and the neuromasts in green [using the claudin b (cldnb) promoter driving GFP expression] (d'Alençon et al., 2010; Wittmann et al., 2012). Using this automated system, various drugs from a library of clinically approved drugs were identified to have an anti-inflammatory effect, among which the NOS1 inhibitor 3-Bromo-7-nitroindazole. Further investigation revealed a novel pro-inflammatory role of NO signaling via soluble guanylate cyclase and in a soluble guanylate cyclase—independent manner through protein S-nitrosylation (Wittmann et al., 2015).

Furthermore, a neuropeptide, pituitary adenylate cyclase-activating polypeptide(PACAP)-38, known to be an anti-apoptotic and anti-inflammatory factor, was reported to inhibit neutrophil migration toward the neuromasts and expression of pro-inflammatory genes (il8, il1b, il6, and atf3) (Kasica-Jarosz et al., 2018). Several natural products were reported to exert an inhibitory effect on the CuSO4-induced neutrophil accumulation, including a new terpene glycoside extracted from the root of Sanguisorba officinalis (Guo et al., 2019), an enzymatic peptide (SEP) from skipjack (Katsuwonus pelamis) (Wang et al., 2019) and an extract from Quzhou Fructus Aurantii, an unripe fruit from the bitter orange tree (Rutaceae Citrus changshan-huyou Y. B. Chang) (Li et al., 2018). The compound PP7 (from Paris polyphylla) (Zhang et al., 2019) and TtSOD (Sheng et al., 2019) also showed an inhibition of the neutrophil migration upon CuSO4 stimulation, similar to what was observed for these compounds in the LPS-induced inflammation model. An extract from leaves of Clerodendrum cyrtophyllum Turcz decreased the oxidative stress induced by CuSO4 and inhibited inflammation by downregulating genes related to inflammatory processes (cox2, pla2, c3a, mpx) and cytokines (il1b, il]8, tnfa, and il10) (Nguyen et al., 2020).



LTB4-Induced Inflammation

Leukotriene B4 (LTB4) is an eicosanoid released by leukocytes, acting as a pro-inflammatory mediator and enhancing leukocyte accumulation at sites of inflammation (Yokomizo et al., 2001; Peters-Golden et al., 2005). In zebrafish, LTB4 was demonstrated to attract both neutrophils and macrophages (Tobin et al., 2010; Torraca et al., 2015). Upon injection of LTB4 into the otic vesicle of 3 dpf zebrafish larvae, neutrophil recruitment to the ear was observed at 1 h after the injection, and this recruitment was not dependent on Cxcl8/Cxcr2 signaling (Deng et al., 2013; de Oliveira et al., 2013; Figure 2D). In addition, injection of LTB4 into the hindbrain at 30 hpf recruited macrophages independent of Cxcl11aa/Cxcr3.2 signaling (Torraca et al., 2015). Bath application of LTB4 induced dissemination of neutrophils into fins, which can be quantitated by counting cells in the ventral fin (Figure 2D′). This LTB4-induced migration of neutrophils was not prevented by inhibition of the Cxcl8/Cxcr2 signaling pathway either (Deng et al., 2013), or by DPI or Lyn knockdown (Yoo et al., 2011). A Zebrafish Entrapment by Restriction Array (ZEBRA) microfluidic device was designed to quickly position zebrafish embryos and larvae in a predictable array, suitable for automated imaging. The effectiveness of this device was demonstrated by assessing the inhibitory effect of the PI3K inhibitor LY294002 on LTB4-induced neutrophil migration (Bischel et al., 2013). The device can be designed with access ports to enable the administration of treatments, and it could potentially be used for other inflammation assays like tail wounding as well (Bischel et al., 2013).



Chemical-Induced Intestinal Inflammation

Inflammatory bowel disease (IBD) represents a group of intestinal disorders that are characterized by inflammation of the digestive tract (Hanauer, 2006). IBD is modeled in zebrafish by treatment of fish with chemicals that induce an IBD-like enterocolitis (Lee and Renshaw, 2017; Figure 2E). In adult zebrafish, intrarectal administration of the hapten oxazolone was reported to induce enterocolitis, characterized by infiltration of granulocytes, epithelial damage, goblet cell depletion, and upregulated expression of genes encoding cytokines (il1b, tnfa, il-10) (Brugman et al., 2009). Similar results were obtained upon intrarectal administration in adult zebrafish of another hapten, trinitrobenzene sulfonic acid (TNBS), which was also shown to increase the intestinal mRNA and peptide levels of melanin-concentrating hormone (Mch) and the mRNA levels encoding its receptor (Geiger et al., 2013).

Immersion of larvae in egg water containing TNBS between 3 and 8 dpf induced an inflammatory response in the gut (Fleming et al., 2010). Using a fluorescent dye, which was swallowed by the fish, the gut architecture and motility could be assessed, showing TNBS-induced dilation of the gut, reduction in villus length, expansion of crypts, and a loss of peristalsis. Throughout the length of the gut, histological analysis showed an expansion of the lumen, a smoothening of the gut lining which was devoid of villi and clefts, and an increase in the number of goblet cells (Fleming et al., 2010). The reported changes in intestinal cell morphology were not observed in a different study in which different doses and durations of TNBS exposure were used (Oehlers et al., 2011). In this study an increased number of neutrophils in the inflamed intestine and increased expression of il1b, tnfa, mmp9, ccl20, and il8 was observed upon TNBS treatment (Oehlers et al., 2011).

Exposure of zebrafish larvae to the detergent dextran sodium sulfate (DSS) has also been utilized to induce intestinal inflammation. This treatment recapitulates several aspects of TNBS-induced enterocolitis, inducing symptoms such as elevated expression of pro-inflammatory genes and neutrophil recruitment around the intestine (Oehlers et al., 2012). However, the inflammatory phenotype was not identical to that induced by TNBS, and DSS treatment actually protects against TNBS-induced enterocolitis (Oehlers et al., 2012). The non-steroidal anti-inflammatory drug glafenine has also been used in zebrafish larvae to induce intestinal injury after 12 h of exposure, which is characterized by profound intestine-specific pathological changes. Glafenine was shown to induce intestinal epithelial cell apoptosis and shedding, which resulted from ER stress and the induction of the unfolded protein response (Goldsmith et al., 2013). The inhibition of multidrug resistance (MDR) efflux pumps by glafenine appeared to play an important role in the intestinal epithelial cell shedding. This shedding plays a protective role by restricting inflammation and promoting survival (Espenschied et al., 2019).

In addition, soybean meal, which is commonly used in aquaculture to replacement for fish meal as a protein source in fish food, has been shown to trigger intestinal inflammation in zebrafish larvae. This inflammatory response is characterized by neutrophil recruitment to the intestine and increased transcription levels of genes encoding pro-inflammatory cytokines (il1b and il8), and was shown to result from soy saponin and not soy protein (Hedrera et al., 2013). In a later study, both soybean saponins and protein isolates were shown to increase the number of neutrophils (stained using Sudan black) in the intestine and the expression of genes related the innate immune system (il1b, tnfa, mpx, saa and mpx, saa, c3b) (Fuentes-Appelgren et al., 2014). Furthermore, the inflammation was shown to increase the epithelial permeability, decrease protein absorption and alter the composition of the intestinal microbiota (Solis et al., 2020). The soybean meal-induced intestinal inflammation is dependent on the presence of lymphoid cells present in the intestine, which correspond to T helper cells with a Th17 transcriptional profile (Coronado et al., 2019). When focusing on long-term effects, the early stage feeding of soybean meal or soy protein was found to have programming effects on inflammation at the juvenile stage (Perera and Yufera, 2016). Since soybean meal is an important commercial food source for fish, studies have been done to identify additives for compensating its pro-inflammatory effects and a few candidates were shown to inhibit soybean meal-triggered intestinal inflammation, including lactoferrin (Ulloa et al., 2016), microalgae (Bravo-Tello et al., 2017), aloe vera (Fehrmann-Cartes et al., 2019), the typical cholinesterase inhibitor galantamine (Wu et al., 2020), and a phytase-producing strain of Bacillus subtilis (Santos et al., 2019).

Just like in humans suffering from IBD and in mouse models of IBD (Packey and Sartor, 2008), the variable composition of the gut microbiota was demonstrated to be an important determinant of intestinal inflammation in zebrafish [with an exception in soybean meal-induced intestinal inflammation (Solis et al., 2020)]. Treatment of adult zebrafish with vancomycin or colistin sulfate differentially affected the components of the intestinal microbiota, which influenced the severity of the oxazolone-induced enterocolitis and the composition of the intestinal leukocyte infiltration (Brugman et al., 2009). In larvae, treatment with the broad-spectrum antibiotics kanamycin and ampicillin, which resulted in a severe loss of microbiota, decreased mortality after TNBS exposure, and inhibited the induction of pro-inflammatory gene expression and leukocyte migration to the intestine (Oehlers et al., 2011). Using a protocol to generate germ-free zebrafish larvae, it was confirmed that the TNBS-induced pathology, including histological changes and an increased expression of genes encoding pro-inflammatory cytokines, entirely depended on the presence of resident microbiota (He et al., 2014). TNBS-induced enterocolitis in larvae increased the proportion of Proteobacteria (especially Burkholderia) and decreased the relative number of Firmicutes (Lactobacillus group) in the composition of the larval microbiota, and these changes correlated with the severity of the enterocolitis (He et al., 2013). Cotreatment with excretory-secretory products from the nematode Anisakis showed a suppression on TNBS-induced mortality and pro-inflammatory gene expression in adult zebrafish, suggesting that the exposure to the immunomodulatory effects of parasitic helminths could be protective against IBD (Haarder et al., 2017). Recently, it was observed that a specific plasma fatty acid, palmitic acid, exacerbated TNBS-induced enterocolitis in zebrafish larvae, indicating that fatty acids can modulate intestinal inflammation, which is in line with a hypothesis which was derived from a meta-analysis of human genome-wide association studies (Wang et al., 2015).

Validation of the larval TNBS-induced enterocolitis model was further performed using known (steroidal and non-steroidal) anti-inflammatory and antibiotic drug treatments which ameliorated the response to TNBS (Fleming et al., 2010; Oehlers et al., 2011). A small drug screen was performed using this model as well, in which NOS inhibitors and thalidomide and parthenolide were tested. Whereas, thalidomide and parthenolide showed a reduction of TNF-α expression (based on immunohistochemistry), only the NOS inhibitors rescued the in vivo disease phenotype, assessed by histological analysis (Fleming et al., 2010). The hyperthermostable superoxide dismutase from Thermus thermophilus HB27 was also shown to decrease TNBS-induced intestinal enlargement and neutrophil infiltration (Chuang et al., 2019; Sheng et al., 2019). Similarly, the DSS-induced model was validated by demonstrating the role of retinoic acid (RA) in suppressing the pathological intestinal mucin production (Oehlers et al., 2012). Furthermore, it was reported that prostaglandin E2 was able to rescue the loss of mucus layers and the damage in epithelial barrier due to DSS treatment, thereby providing protection against injury, and that other commonly utilized IBD medications, mesalamine and 6-mercaptopurine, also showed protective effects in the DSS model (Chuang et al., 2019). In addition, the DSS- and TNBS-induced larval enterocolitis models have been used for screening small molecules from a large clinical compound library using the neutrophil accumulation in the intestine as a readout (Oehlers et al., 2017). Most of the hits were known antibiotics or anti-inflammatory agents, confirming the validity of the screening assay. Novel drug hits were also identified using this assay, such as cholecystokinin (CCK) and dopamine receptor agonists, and the involvement of these receptors was confirmed by using CCK and dopamine receptor antagonists, which were shown to exacerbate inflammation in these models (Oehlers et al., 2017).




Mutation-Induced Inflammation
 
The hai1a Mutant

To identify genes with essential functions during zebrafish skin development, a screen of mutants generated by insertional mutagenesis was performed (Amsterdam et al., 1999), and a mutant line was identified carrying an insertion in the hepatocyte growth factor activator inhibitor 1a gene (hai1a, also known as spint1lb) (Carney et al., 2007; Mathias et al., 2007). Hai1a is known to be an inhibitor of serine proteases, in particular of Matriptase 1a. The hai1a mutant zebrafish larvae display a phenotype reminiscent of the human condition psoriasis: the basal keratinocytes in the epidermis lose their regular polygonal shape and the tight contact to adjacent cells, form aggregates and display enhanced apoptosis. These epidermal defects induce an inflammatory response in the skin, which is illustrated by leukocytes strongly accumulating near aggregates of keratinocytes with apoptotic cells at 1 dpf (Carney et al., 2007; Mathias et al., 2007). The mutant neutrophils display a more random motility, but retain their ability to respond to directional signals (Mathias et al., 2007). A microarray transcriptome analysis showed that the expression of pro-inflammatory genes was increased in the mutant fish (LeBert et al., 2015). Among those genes, matrix metalloproteinase 9 gene (mmp9) played a critical role. Morpholino knockdown of mmp9 partially rescued the abnormal epithelial phenotype as well as the neutrophilic infiltration of the epithelium, and restored the organization of collagen fibers.



The cdipt Mutant

Screening the same collection of insertional mutants, in which the hai1a mutant was found (Amsterdam et al., 1999), for liver defects, a mutant with an insertion in the cdp-diacylglycerolinositol 3-phosphatidyltransferase (cdipt) gene was identified (Thakur et al., 2011). Cdipt, also known as Phosphatidylinositol synthase, has an indispensable role in the synthesis of a critical phospholipid, phosphatidylinositol (PtdIns). The mutant larvae displayed chronic endoplasmic reticulum (ER) stress which contributes to hepatic steatosis around 5 dpf, resembling features of non-alcoholic fatty liver disease in humans (Thakur et al., 2011). A mild inflammatory response was observed, reflected by the presence of macrophages adjacent to necrotic hepatocytes and increased expression of inflammatory genes. More recently, it was reported that the cdipt mutant shows a pathological phenotype in the gastro-intestinal tract reminiscent of IBD (Thakur et al., 2014). The PtdIns deficiency led to an ER stress-mediated cytopathology in intestinal epithelial cells, including vacuolation, microvillus atrophy and impaired proliferation, subsequently resulting in reduced mucus secretion, goblet cell apoptosis, autophagy, and bacterial overgrowth. Eventually, this results in an inflammatory response, reflected by the infiltration of macrophages and neutrophils into the intestines. The inflammation could be suppressed by antibiotics and anti-inflammatory drugs, but these treatments failed to suppress the ER stress phenotype. Treatment of mutant larvae with phenylbutyric acid (PBA), a small chemical chaperone and a well-established drug proven to reduce ER stress, was shown to alleviate the mutant phenotype (Thakur et al., 2014).





THE USE OF ZEBRAFISH INFLAMMATION MODELS FOR RESEARCH ON GLUCOCORTICOID DRUGS

Steroidal anti-inflammatory drugs, also referred to as GCs, have been studied extensively using zebrafish inflammation models. This research has focused on the molecular mechanisms underlying the anti-inflammatory action of these compounds and aims at the development of novel GC drugs. In addition, due to their well-characterized anti-inflammatory effects, GCs are frequently used as a positive control in anti-inflammatory drug screens and the golden standard for anti-inflammatory drugs, and therefore provide a useful method for validation of novel animal models for inflammation.

GCs are a class of steroid hormones secreted by the adrenal gland, regulating a wide variety of systems in the body, like the immune, metabolic, reproductive, cardiovascular and central nervous system (Chrousos and Kino, 2005; Revollo and Cidlowski, 2009; Oakley and Cidlowski, 2013). In humans, the secretion of the main endogenous GC, cortisol, shows a diurnal pattern, is greatly enhanced upon stress, and is mainly regulated by the hypothalamic-pituitary-adrenal (HPA) axis (Tsigos and Chrousos, 2002; Wei et al., 2017). The immune-suppressive effects of GCs were first reported by Hench et al. (1949), who demonstrated that adrenocorticotropic hormone (ACTH) and cortisone improved clinical features of rheumatoid arthritis patients (Hench et al., 1949). Subsequently, GCs were soon applied in eye inflammation (Duke-Elder and Ashton, 1951; O'Rourke et al., 1956), and currently GCs are frequently prescribed worldwide to treat various immune-related diseases, including asthma, rheumatoid arthritis, dermatitis, leukemia, several autoimmune diseases, and even some cancers, due to their potent and well-established anti-inflammatory and immune-suppressive effects (Barnes, 2011; Busillo and Cidlowski, 2013). These effects of GCs are mediated by an intracellular receptor, the glucocorticoid receptor (GR). GCs activate the translocation of this receptor from the cytoplasm to the nucleus, where it acts as a transcription factor, inducing the expression of anti-inflammatory genes and inhibiting the transcriptional activity of pro-inflammatory genes (Baschant and Tuckermann, 2010; Busillo and Cidlowski, 2013).

Like in humans, the main endogenous GC hormone in fish is cortisol and its secretion is regulated by the hypothalamus-pituitary-interrenal (HPI) axis, the fish equivalent of the HPA axis (Wendelaar Bonga, 1997; Schreck et al., 2016). Zebrafish, similarly to humans, have a Gr that is encoded by a single gr gene (Alsop and Vijayan, 2008; Schaaf et al., 2008). In addition, both zebrafish and humans express an alternative splice variant, Grβ, which is notably absent in mice (Schaaf et al., 2008). The zebrafish Gris structurally and functionally highly similar to its mammalian equivalent, which includes the immune-suppressive action that is observed upon Gr activation in zebrafish (Schaaf et al., 2008, 2009).

Upon tail amputation in embryos, treatment with several synthetic GCs has been shown to inhibit the migration of neutrophils toward the wounded site in a Gr-dependent manner. However, GCs leave the migration of macrophages unaffected in most studies (Mathew et al., 2007; Zhang et al., 2008; Hall et al., 2014a; Chatzopoulou et al., 2016; Xie et al., 2019). However, in some studies an effect of dexamethasone on macrophage migration has been reported as well (Cholan et al., 2020). What causes this discrepancy is still unclear, but it may be related to specific (non-Gr-mediated) effects of this glucocorticoid drug or the use of a different transgenic line. The Gr-induced upregulation of the expression of the gene encoding MAPK phosphatase-1 (Mkp-1) was suggested to be involved in the inhibition of neutrophil migration, by inactivation of JNK, resulting in a reduced AP-1-induced transcriptional activation of pro-inflammatory genes (Zhang et al., 2008). Indeed, studying the transcriptome by microarray analysis showed that almost all wounding-induced changes in transcription were attenuated by GC treatment (Chatzopoulou et al., 2016). Although the chemotactic migration of macrophages is not affected by GCs, their differentiation toward a pro-inflammatory (M1) phenotype is inhibited upon GC treatment (Xie et al., 2019). In a combined infection/tail wounding model, GCs were shown to inhibit the infection-induced expression in epidermal and/or epidermal cells of irg1l, thereby inhibiting the ROS production which is important for leukocyte migration (Hall et al., 2014a). In adult zebrafish, no effect of GC treatment on neutrophil recruitment upon tail wounding was detected (Geurtzen et al., 2017). In adult zebrafish models for brain and heart injuries, GCs were shown to inhibit the expression of pro-inflammatory genes like il8, tnfa, and il1b and reduced the recruitment of leukocytes toward the wounded area (Kyritsis et al., 2012; Huang et al., 2013).

In the LPS-induced inflammation model, GC administration was reported to inhibit the production of ROS and NO, the expression of pro-inflammatory genes, the recruitment of leukocytes, and the mortality (Wijesinghe et al., 2014; Yang et al., 2014, 2017; Sun et al., 2017). In the Copper-induced inflammation model using CuSO4 immersion of larvae, GCs also caused inhibition of neutrophil accumulation (d'Alençon et al., 2010). Similarly, utilizing the DSS-induced enterocolitis model, GCs were observed to inhibit the expression of pro-inflammatory genes and neutrophil infiltration (Oehlers et al., 2012). Interestingly, in larvae from a CRISP/Cas9-generated Gr mutant line, the DSS-induced increase in pro-inflammatory gene expression was abolished due to the deficiency in Gr signaling, suggesting a dual action, both pro- and anti-inflammatory, of GC signaling in the immune system (Facchinello et al., 2017).

The clinical use of GCs is severely limited by the severity of their side effects, which include diabetes and obesity, osteoporosis, and impaired wound healing. Interestingly, these effects have been modeled in zebrafish as well, opening up the possibility to evaluate both the therapeutic anti-inflammatory effect and the adverse effects. GC effects on metabolism, including increased glucose concentrations, were observed in zebrafish embryos and the global transcriptional changes underlying these effects have been characterized (Chatzopoulou et al., 2015). GC-induced osteoporosis was modeled by treating larvae with GCs between 5 and 10 dpf and performing staining with alizarin red (which binds to calcified matrix) (Barrett et al., 2006), and studying extracellular matrix (ECM)-, osteoblast-, and osteoclast-related genes (He et al., 2018; Huo et al., 2018). Alternatively, regenerating scales that were removed from GC-treated adult fish have been used to model GC-induced osteoporosis (de Vrieze et al., 2014). Finally, inhibitory effects on tissue regeneration and wound healing have been shown in many zebrafish injury models. Inhibition of regeneration by GCs was observed after spinal motor neuron lesions in larvae (Ohnmacht et al., 2016), and in adult zebrafish after tail fin amputation, brain lesion, and cardiac injury, GCs were demonstrated to inhibit tissue regeneration (Kyritsis et al., 2012; Huang et al., 2013; Geurtzen et al., 2017; Geurtzen and Knopf, 2018). GC treatment of zebrafish embryos blocks the regeneration of the tail fin upon amputation through inhibition on blastemal formation and cell proliferation (Mathew et al., 2007; Sengupta et al., 2012). Interestingly, the ginsenoside Rg1 was shown to inhibit neutrophil migration in a Gr-dependent manner, but did not show any effect on tissue regeneration. These data suggest that this compound may be provide an interesting lead for the development of novel anti-inflammatory drugs with reduced side effects (He et al., 2020).



CONCLUDING REMARKS

The use of animal models is a critical part of biomedical research and crucial for the development of novel drugs. A wide range of human disease models have been established in mammalian models such as rats and mice, which have largely contributed to the remarkable progress in our understanding of the mechanisms underlying these diseases and the development of novel therapies. However, the rodent systems have limitations such as the high cost of housing and breeding and they are not suited for large-scale automated screening. The development of the zebrafish animal model in the past decades has added a complementary system, which allows the performance of automated high through-put screening in vivo, mainly due to the small size and transparency of zebrafish larvae. The similarities of the immune system and inflammatory responses between zebrafish and mammals guarantee good translational value.

In order to model inflammatory diseases, three types of inflammation models have been developed in zebrafish: wounding-, chemical-, and mutation-induced inflammation. These models have enabled a detailed investigation of the cellular and molecular mechanisms underlying the inflammatory response, adding to our knowledge of the mechanisms of leukocyte behavior and the identification of potential drug targets. For example, using the zebrafish model, it was observed for the first time that a tissue-scale H2O2 gradient is created during the onset of an inflammatory response which signals to leukocytes in the tissues (Niethammer et al., 2009), and that Lyn acts as a redox sensor to mediate the migration of leukocyte (Yoo et al., 2011). In addition, the described models have been used for the screening of compound libraries. This has led to the discovery of important novel targets for anti-inflammatory drugs, such as ErbBs (Rahman et al., 2019). Moreover, various drug candidates were tested or identified, such as natural extracts [e.g., fucoidan (Lee et al., 2013), tashinone IIA (Robertson et al., 2014), and cymopol (Bousquet et al., 2020)], thalidomide analogs (Beedie et al., 2016), and the PI3K inhibitor LY294002 (Bischel et al., 2013). In summary, these zebrafish inflammation models have been shown to be very useful to unravel the molecular and cellular aspects of the inflammatory response and for the discovery of novel drug targets. Besides, these models have proven to be effective screening tools for candidate drugs, providing an intermediate between in vitro assays and rodent experiments with great potential to accelerate the preclinical phase of anti-inflammatory drug development.
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The Enteric Nervous System (ENS) is a large network of enteric neurons and glia that regulates various processes in the gastrointestinal tract including motility, local blood flow, mucosal transport and secretion. The ENS is derived from stem cells coming from the neural crest that migrate into and along the primitive gut. Defects in ENS establishment cause enteric neuropathies, including Hirschsprung disease (HSCR), which is characterized by an absence of enteric neural crest cells in the distal part of the colon. In this review, we discuss the use of zebrafish as a model organism to study the development of the ENS. The accessibility of the rapidly developing gut in zebrafish embryos and larvae, enables in vivo visualization of ENS development, peristalsis and gut transit. These properties make the zebrafish a highly suitable model to bring new insights into ENS development, as well as in HSCR pathogenesis. Zebrafish have already proven fruitful in studying ENS functionality and in the validation of novel HSCR risk genes. With the rapid advancements in gene editing techniques and their unique properties, research using zebrafish as a disease model, will further increase our understanding on the genetics underlying HSCR, as well as possible treatment options for this disease.
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THE MAMMALIAN ENS AND ITS ROLE IN HUMAN DISEASE

The gastrointestinal (GI) tract is the core digestive system in our body and has a central role in the absorption of water and nutrients for energy provision. The GI tract is regulated by the enteric nervous system (ENS), which is composed of neurons and glia. In humans, these cells form ganglia along the wall of the GI tract, which are located in the myenteric and submucosal plexuses (Figure 1) (Furness, 2009). The myenteric plexus, also called Auerbach's plexus, lies between the longitudinal and circular muscle layers, and regulates muscle contraction and relaxation needed for peristalsis. The submucosal plexus, or Meissner's plexus, is located between the circular muscle layer and mucosa, and is needed for fluid uptake and secretion, blood flow and homeostasis. The ENS is entirely derived from the neural crest (Furness, 2009). Specifically, neural crest cells (NCCs) migrate from the hindbrain, the vagal region of the neural tube, into and along the entire length of the GI tract (Le Douarin, 1982). A second contribution to the ENS arises from sacral NCCs that seed the distal part of the GI tract with enteric ganglia. Such contribution has been mostly studied in mouse and avian models, but is thought to be present in humans as well (Orts Llorca, 1934; Gershon et al., 1993; Burns and Douarin, 1998; Wallace and Burns, 2005; Wang et al., 2011). Defects in ENS establishment in humans cause a wide range of enteric neuropathies, including Hirschsprung disease (HSCR). HSCR is one of the most common causes of life-threatening intestinal obstruction in neonates. The prevalence of HSCR is 1 in 5.000 newborns, and it affects more males than females (4:1) (Badner et al., 1990). HSCR is a complex genetic disorder for which around two dozen genes have already been identified. It can occur as part of a syndrome, with a mendelian mode of inheritance, but more often in an isolated manner (Amiel et al., 2008). In such cases, HSCR shows complex non-mendelian patterns of inheritance where rare coding variants, pre-disposing haplotypes, copy number variants and, one or more “risk genes” with low penetrance, play a role (Amiel et al., 2008; Alves et al., 2013). HSCR is characterized by the absence of enteric ganglia in the distal part of the GI tract. As a consequence, perturbed peristalsis of the aganglionic colon leads to failure to pass stool. The current pathophysiological model is that failure of NCCs to migrate, differentiate, proliferate or survive, thereby forming a functional ENS network, results in HSCR.


[image: Figure 1]
FIGURE 1. Schematic representation of the GI tract in mammalians and zebrafish. (A) Schematic representation of the layers present in the GI tract of mammalians and zebrafish. Zebrafish lack the muscularis mucosa and submucosal plexus. In addition, the enteric neurons are not organized in ganglia, but rather as individual cells (Wallace and Pack, 2003). (B) Schematic representation of the mammalian (human) and the zebrafish digestive system. While the human GI tract is divided in stomach, duodenum, jejenum, ileum and colon, the GI tract of the zebrafish is traditionally subdivided in three major components, rostral intestinal bulb, mid intestine and posterior segment (Wang et al., 2010). A new division based on conserved transcriptional profiles has also been proposed, which is depicted by color alterations and labels in regular font (Lickwar et al., 2017). Note that boundaries between sections should not necessarily be considered discrete. (C) Schematic representation of ENS development in zebrafish showing that the NCCs depicted in green are first detected in the developing intestine around 32–36 h post-fertilization (hpf). NCCs migrate in two parallel chains caudally, between 36 and 66–72 hpf. Starting rostrally, the NCCs start to migrate laterally to form a network. At 4 days post-fertilization (dpf) the ENS network has been formed around the total length of the intestine. (D) Schematic representation of ENS development in mammals. Vagal NCCs colonize the foregut at embryonic day (E)7-E9.5 in mice and gestational week (GW) 4 in humans. From E10.5, NCCs migrate caudally in various multicellular strands.




ZEBRAFISH AS A MODEL ORGANISM FOR DEVELOPMENTAL DISORDERS

Zebrafish are vertebrates often used for in vivo studies, because they are relatively small in size and the embryonic and larval development is ex utero and fast, since within 5 days post-fertilization (dpf), all major organ systems are formed (Kimmel et al., 1995). Zebrafish embryos are virtually transparent during development, allowing visualization of internal organs in a non-invasive way. This animal model has also high fecundity, and one breeding pair gives on average, 200 eggs (Lieschke and Currie, 2007). The zebrafish genome has been sequenced, is well annotated and around 71.4% of human proteins have at least, one zebrafish ortholog. This percentage seems to be even higher (82%) for proteins involved in disease development (Howe et al., 2013). Due to recent technical advances, including genome editing, lineage tracing, optogenetics, and in vivo imaging, the zebrafish gained popularity as a model for basic research, as well as for disease modeling, in a wide variety of research topics (Lieschke and Currie, 2007). Zebrafish have proven to be a great tool to model human disease, in particular developmental disorders that manifest in the fish within the first 5 days of development. Moreover, large-scale drug- and genetic-screenings can be relatively easily executed in zebrafish, which have a high value for both diagnostic and therapeutic purposes (Horzmann and Freeman, 2018; Paone et al., 2018; Vaz et al., 2018).



ZEBRAFISH AS A MODEL ORGANISM TO STUDY THE ENS


Conserved Intestinal Organization in Zebrafish

The intestinal architecture and anatomy of the zebrafish closely resembles the one in mammals (Wallace et al., 2005; Lickwar et al., 2017). The intestinal epithelium is folded irregularly into ridges to enlarge the absorptive surface, an organization somewhat reminiscent of the villous epithelium of mammals (Ng et al., 2005; Wang et al., 2010). It is also rich in enterocytes, goblet cells and enteroendocrine cells. However, the zebrafish gut is simpler: it lacks crypts of Lieberkühn, a submucosal layer and myenteric neurons are arranged as neuronal pairs or single neurons, instead of clustered in ganglia (Figure 1) (Wallace et al., 2005; Wang et al., 2010). The zebrafish gut undergoes rapid development and at 5 dpf, the whole GI tract is functional (Wallace and Pack, 2003). As in other vertebrates, the zebrafish ENS is derived from the neural crest (Kelsh and Eisen, 2000). Vagal NCCs migrate as two parallel chains of cells to colonize the whole gut, and differentiate into enteric neurons and glia (Shepherd et al., 2004). There is no evidence to support a sacral NCC contribution to the ENS in zebrafish (Shepherd and Eisen, 2011). However, the zebrafish ENS is comparable to the mouse and human ENS based on gene expression and functional studies (Heanue and Pachnis, 2008; Roy-Carson et al., 2017). By 4 dpf, regular anterograde and retrograde contractions of the intestine occur and can be easily visualized (Holmberg et al., 2003). The enteric innervation is already functional by 5 dpf, when zebrafish larvae start feeding. Major neurotransmitters crucial for gut motility in humans, such as serotonin (5-hydroxytryptamin, 5HT), neurokinin A (NKA), vasoactive intestinal polypeptide (VIP), pituitary adenylate cyclase activating peptide (PACAP), nitric oxide (NO) and calcitonin gene-related peptide (CGRP), are also present in the adult zebrafish gut (Holmberg et al., 2004; Olsson et al., 2008).

The zebrafish transcriptome of the developing ENS, has been determined by bulk RNA sequencing of neural and non-neural crest cells isolated from 7 dpf zebrafish intestines (Roy-Carson et al., 2017). The results obtained showed expression in the zebrafish ENS of known markers of the mammalian ENS, but also revealed previously unidentified genes that are enriched in the ENS. Importantly, this study showed the conserved expression of neuronal genes such as, the ELAV like neuron-specific RNA binding protein 3 (elavl3), chimerin 1 (chn1) and synapsin 2a (syn2a), as well as subtype markers, such as choline acetyltransferase a (chata), GABA receptor 1 (gabbr1) and vasoactive intestinal peptide (vip). Also, the expression of various HSCR-causing genes including the Rearranged during transfection (ret), GDNF family receptor alpha 1 (gfra1) and zinc finger E-box binding homeobox (zeb2), is conserved (Roy-Carson et al., 2017). More recently, researchers started to determine the neural crest transcriptome at a single-cell resolution in late embryonic, to early larval stage (Howard et al., 2020). They shed light on the transcriptomes of enteric NCCs transforming into enteric neurons, and showed conserved enteric programs (Lasrado et al., 2017; Howard et al., 2020). Their data contain cells in a spectrum of differentiation states, enabling the identification of five subclusters of enteric neurons (Howard et al., 2020). For example, the onset of elavl3 expression reflects immature neurons, whereas the nos1+/vipb+ subpopulation represents cells further along a differentiation trajectory. The zebrafish transcriptome shows overlap with the human and mouse ENS single-cell transcriptome (Drokhlyansky et al., 2020), for example, with regard to the presence of various enteric neuronal subtypes. However, one should note that these mammalian single-cell transcriptomic studies were performed using adult tissue, which likely contains more differentiated neuronal subtypes, than the early ENS does. Nevertheless, these data showed that the zebrafish can offer insights in the earliest specification of enteric neurons and enteric neuronal subtypes, which will further increase our understanding of the ENS development relevant to disease, such as HSCR.



Visualization of Enteric Neurons

Detection of enteric neural crest cells (ENCCs) and enteric neurons in zebrafish, is the vital first step to study ENS development and defects herein. As zebrafish embryos and larvae are transparent, transgenic reporter lines are used to visualize and trace cells in living animals. These reporter lines are widely used in the field and often have a cell-specific promoter or regulatory element, that drives expression of a fluorophore in the cells of interest. The Tg(−8.3phox2bb:keade)em2tg and Tgbac(phox2bb:eGFP)w37tg reporter lines are frequently used by us and are the most common ones to study the ENS, as they mark all NCCs, including migrating ENCCs and differentiated enteric neurons (Harrison et al., 2014; Boer et al., 2016) (Figure 2A). Alternatively, NCCs and enteric neurons can be labeled using the SAGFF234A gal4 enhancer trap line (Asakawa and Kawakami, 2009), whereas the sox10 reporter line labels only early progenitors (El-Nachef and Bronner, 2020), and the neural-specific beta tubulin (NBT) promotor labels enteric neurons but not NCCs (Peri and Nusslein-Volhard, 2008; Heanue et al., 2016). Specific neuronal subsets can also be labeled using neurotransmitter reporter lines, for example the chata reporter line, in which differentiating enteric neurons are labeled (Nikaido et al., 2018).


[image: Figure 2]
FIGURE 2. The transparency of zebrafish larvae allows non-invasive visualization of enteric neurons (A), peristalsis (B), and gut transit (C). (A) Microscopy images of Tg(phox2bb:GFP) zebrafish larvae at 5 dpf. Scale bar represents 500 μm (top), 200 μm (middle) and 50 μm (bottom). (B) Still image of the zebrafish intestine (top) and spatiotemporal map (STMap) of gut flow (bottom). Scale bar represents 200 μm. (C) Microscopic images of Tg(phox2bb:GFP) zebrafish larvae fed with fluorescently labeled food, showing typical intestinal transit and describing the transitional zone. Graphs showing phenotypical scoring of larvae directly after food intake (top graph) and 16 h after food intake (bottom graph). Scale bar represents 200 μm.


Recently, a rather non-conventional way to label enteric neurons was developed by applying a local heat shock to induce a genetic switch of the fluorophore expression, in the zebrabow line (Pan et al., 2013; Kuwata et al., 2019). The shock was applied at the dorsal vagal area of 13-14 hpf embryos, resulting in three different color combinations of enteric neurons (Kuwata et al., 2019). With this method, it was possible to distinguish individual enteric neurons and trace them over extended periods of time. Kaede reporters can also be used to track individual cells by photo-conversion. However, the conversion is not permanent, limiting extended live-imaging experiments.

In general, antibody availability for use in zebrafish is much lower compared to the availability for mammalian samples. Nevertheless, there are a number of antibodies that stain mainly differentiated enteric neurons in larval and adult zebrafish, such as antibodies against Elavl3/HuC/D, choline acetyltransferase (ChAT), serotonin (5-HT), calretinin (CR), calbindin (CB), tyrosine hydroxylase (TH), vasoactive intestinal peptide (VIP), pituitary adenylate cyclase-activating peptide (PACAP) and neuronal nitric oxide synthase (nNOS) (Uyttebroek et al., 2010, 2013). Such antibodies have been used to identify, at least eight neuronal subtypes in zebrafish using combined staining (Uyttebroek et al., 2010, 2013).



Zebrafish Enteric Glia

Until recently, not much was known about the presence of enteric glia, the non-myelinating glia in the intestine. Enteric glia are involved in intestinal motility and are thought to have the capability to generate new enteric neurons and glia (Joseph et al., 2011; Laranjeira et al., 2011; Grubisic et al., 2018). Zebrafish enteric glia were first identified in the neuropil layer containing glial cells and axons, using transmission electron microscopy (TEM) in larval zebrafish at 7 and 18 dpf (Baker et al., 2019). These enteric glia contained characteristic glial filaments, with either a filamentous appearance or a less filamentous appearance, distinguishing two types of enteric glia. The authors also showed zebrafish Glial fibrillary acidic protein (Gfap) immunohistochemistry staining where, enteric glia processes largely form an inner layer separating neuronal axons from the intestinal epithelium (Baker et al., 2019). However, another report states that the observed Gfap staining likely represents cross-reactivity, as it persisted in ret mutant larvae lacking an ENS (McCallum et al., 2020). Moreover, they show that zebrafish enteric glia do not seem to (highly) express the canonical “glial markers” such as, the fatty acid binding protein 7 (Fabp7) and the S100 calcium-binding protein B (s100β). Instead, they are reliably labeled in the Notch activity reporter tg(her4.3:EGFP)y83Tg in larval and adult zebrafish. They also show that, zebrafish enteric glia resemble mammalian enteric glia based on their ultrastructural and general morphology, gene expression and location. The her4.3+ cells were defined as neural crest derived, post-migratory cells that retain proliferative and neurogenic potential throughout life (McCallum et al., 2020). An independent study, also reported the presence of neurogenic precursors in adult zebrafish, that lack expression of the canonical “glial marker” Gfap (El-Nachef and Bronner, 2020). They performed lineage tracing and found that these enteric glia were not derived from the vagal neural crest, but from the trunk neural crest, more specifically the Schwann cell precursors (El-Nachef and Bronner, 2020). Thus, although zebrafish enteric glia do not express the canonical “glial markers” and Gfap immunohistochemistry might be unspecific for enteric glia in zebrafish, a neurogenic progenitor population with enteric glial characteristics seems to exist in this organism, opening new avenues to study these progenitor cells and explore whether they remain present in HSCR models (El-Nachef and Bronner, 2020; McCallum et al., 2020).



Gut Motility in Zebrafish Larvae

Gut motility is controlled by the ENS and modulated by different neurotransmitters. Therefore, measuring gut motility can be used to assess the consequences of alterations in ENS development, such as the ones leading to HSCR. Gut motility consists of many features, which include: (1) standing contraction, in which the food is mixed in the stomach; (2) peristaltic movements in anterograde (mouth to anus) and retrograde (vomiting or regurgitation) direction; and (3) phasic contraction of sphincters (Olsson and Holmgren, 2001). In zebrafish, the erratic and spontaneous contraction waves are noticed before the onset of feeding (3 dpf), and later (4–7 dpf) distinct anterograde, retrograde and rectal contractions are observed (Holmberg et al., 2003). Zebrafish lack a stomach, so the retrograde contractions in the anterior intestine may take over the function of food mixing (Figure 1). Retrograde and anterograde contractions spread in both directions from mid intestine, to mainly transport the food along the gut (Holmberg et al., 2003). Gut motility patterns can be imaged in zebrafish larvae in vivo, and in a non-invasive manner using real time video microscopy (Figure 2B; Supplementary Video 1). The data obtained can be inferred by spatiotemporal maps (STMaps) of gut flow (Figure 2B) (Holmberg et al., 2007). Such approach has been sucessfully used by us and others, to study gut motility (Holmberg et al., 2004; Kuhlman and Eisen, 2007). A more sophisticated way to analyze not only the temporal frequency of motility, but also displacement along the anterior to posterior, and dorsal to ventral axis, has been recently reported (Ganz et al., 2018). The authors generated a quantitative approach to determine from the STMaps, the frequency and speed of peristaltic waves by generating cross-correlation maps. Thereby, several parameters such as, wave duration, wave speed and amplitude, were able to be measured (Ganz et al., 2018).



Gut Transit Assay

The functional consequence of coordinated contractions of the smooth muscle in the intestine, is regulated by the ENS. In HSCR patients these contractions are impaired, leading to a failure to pass stool. To measure gut transit, zebrafish larvae are fed with normal larval feed mixed with fluorescent microspheres. These microspheres are non-absorbable, non-digestible and thus tractable, using fluorescent microscopy (Field et al., 2009). Larvae typically exhibit inter-individual differences in the feeding and ingest different amounts of food. Therefore, a pre-sorting is warranted to reduce variability. To regulate food intake in zebrafish, a microgavage method was established, which uses a standard microinjection procedure of microspheres, directly into the lumen of the anterior intestine of larvae (Cocchiaro and Rawls, 2013). This reduces variability due to differences in food intake, but increases the manual labor and expertise required to perform this technique. In addition, the throughput of an experiment will be limited by the number of larvae that can be subjected to microgavage. After ingestion or microgavage of the labeled food, larvae are screened under the fluorescent microscope at different time points, for the presence of fluorescent microspheres in the intestine. Transit time can then be measured by expulsion of the fluorescent beads (Figure 2C). Using this approach, we and others have shown that the degree of enteric neurons loss in zebrafish larvae, correlates with reduced intestinal transit, which is in line with the phenotype presented by HSCR patients (Field et al., 2009; Bernier et al., 2014).

A high throughput set-up to study gut transit time, was recently developed in 7 dpf zebrafish (Cassar et al., 2018). After feeding fluorescently labeled food, single larvae were placed in a 96 wells plate and treated with different compounds. Fecal matter accumulated at the bottom of the plate, was measured over time by a spectrophotometer (Cassar et al., 2018). This method was used to predict GI safety issues of drug candidates, but can also be useful to search for compounds that stimulate bowel movement.




GENETIC MODIFICATIONS IN ZEBRAFISH TO STUDY ENS DEVELOPMENT

Large-scale forward genetic screens in zebrafish have led to the identification of new genes and pathways for vertebrate development, including ENS development (Driever et al., 1996; Haffter et al., 1996). One of the earliest zebrafish mutants showing an ENS defect, was identified in a genetic screen for pigmentation defects. This is not surprising since pigment cells are also neural crest-derived. The so-called cls (colorless) mutant, which serves as a zebrafish model for the Waardenburg-Shah syndrome, lacks pigment cells and shows reduced numbers of enteric neurons, as well as additional neural crest cell defects (Kelsh and Eisen, 2000). In a following study, it was shown that the cls locus mapped to sox10, a gene required for proper neural crest development that has also been associated to HSCR (Dutton et al., 2001; Sanchez-Mejias et al., 2010). In another study, loss of sox10 in zebrafish decreased intestinal motility and resulted in an altered microbiome causing inflammation (Rolig et al., 2017). Inflammation, or enterocolitis, is an important aspect of HSCR, accounting for the majority of mortality and morbidity described (Demehri et al., 2013). Interestingly, the authors managed to rescue this phenotype by treating the fish with an anti-inflammatory bacterial strain, or by restoring ENS function by transplanting wildtype NCCs (Rolig et al., 2017). Another ENS zebrafish mutant, lessen, showed a reduction of enteric neurons in the distal intestine. The mutation mapped to the mediator complex 24 (med24) gene (Pietsch et al., 2006; Shepherd and Eisen, 2011). Later, it was found that the lessen mutant displayed delayed onset of intestinal motility and disturbed interstitial cells of Cajal, along with ENS development defects (Uyttebroek et al., 2016). Three other mutants with ENS defects were also found in this forward genetic screen, and are listed in Table 1.


Table 1. Overview of the stable zebrafish mutants and morphants presenting an ENS phenotype.
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The human Rearranged during Transfection (RET) gene is the major gene involved in HSCR. Similarly to humans, loss of ret in zebrafish causes a HSCR phenotype, in which the severity of the disease correlates with the affected alleles (Tomuschat and Puri, 2015; Heanue et al., 2016). In line with previous reports (Heanue et al., 2016), we observed that homozygous rethu2846/hu2846 larvae show only few enteric neurons in the intestinal bulb (most anterior part of the gut). In several heterozygous rethu2846/+ larvae, the enteric neurons are restricted to rostral mid-intestine regions, while others remain mildly affected or even unaffected (Figure 3A). The aganglionosis observed in rethu2846/hu2846 larvae was found to be the result of defective migration of ENCCs, rather than defective proliferation or increased apoptosis (Heanue et al., 2016). In addition, there is a clear correlation between the presence of enteric neurons and gut motility (Figure 3B; Supplementary Video 1), reminiscent of the intestinal dysfunction observed in HSCR patients (Heanue et al., 2016). We show here, a similar phenotype using the second zebrafish ret mutant (retSA2684), generated by the TILLING Sanger Institute Zebrafish Mutation Project (https://www.sanger.ac.uk/resources/zebrafish/) (Figure 3A). Similar to the findings discussed earlier in sox10 mutants, ret mutant fish that present with disturbed gut motility show altered intestinal bacterial population dynamics (Wiles et al., 2016). This further supports the notion that the alterations in microbiome are the result of altered gut motility.
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FIGURE 3. Functional analysis of ret morphants and mutants. (A) Phenotypical variability observed in zebrafish, using MO targeting Ret expression and two different zebrafish ret mutant lines. Proposed phenotyping classifications are shown by microscopy images and illustrations. Scale bar represents 200 μm. (B) Microscopic images of Tg(−8.3phox2bb:keade) zebrafish injected with control or ret MO, show normal ENS colonization in controls and a total colonic HSCR phenotype in the ret MO injected fish. Peristaltic function is disrupted in zebrafish lacking enteric neurons, which is shown by the absence of bowel movement in the STMaps. Scale bar represents 200 μm. Note that the use of the terms hypoganglionosis and HSCR in zebrafish despite the lack of ganglia in this organism, refers to the reminiscent phenotype observed in mammals (humans).


In the next sections, we discuss some of the approaches currently used to genetically modify or block, expression of specific ENS genes using zebrafish, in an attempt to provide insights into the genetics and mechanisms underlying HSCR development.


Morpholino Based Blockage of RNA Translation

A method that has been fruitful in validating HSCR candidate genes that affect ENS development in zebrafish, is the use of morpholinos (MOs). MOs can target translation or splicing of specific genes, abolishing gene expression. However, they should be used with caution, since it is reported that MOs can induce severe side effects or false positive results (Stainier et al., 2017). Several morphants (morpholino-injected zebrafish) have been described showing an ENS phenotype and the majority of them are listed in Table 1. In a study reporting a large family with five HSCR and two constipation cases, variants in four genes: the lipopolysaccharide-responsive and beige-like anchor protein (LRBA), RET, the RET ligand glial-derived neurotrophic factor (GDNF), Indian hedgehog (IHH), and a mediator of IHH signaling GLI family zinc finger 3 (GLI3), were identified. MO injections in zebrafish also showed that blocking ihh, reduced the number of enteric neurons present in the intestine, confirming its previously described role in ENS development shown in mice, and its reminiscence to HSCR (Ramalho-Santos et al., 2000; Sribudiani et al., 2018).

Expression of bone morphogenic protein 2 (BMP2) was found reduced in intestines of HSCR patients (Huang et al., 2019). Zebrafish bmp2 morphants showed a major defect in ENS development, which was due to reduced proliferation and differentiation of enteric progenitors (Huang et al., 2019). Interestingly, Bmp2 was found to directly regulate expression of the glial-derived neurotrophic factor (Gdnf), a known HSCR gene and ligand of Ret. This result suggests that alterations in BMP2 expression could disturb ENS development, leading to HSCR.

In the study describing the zebrafish rethu2846 mutant, the authors showed that heterozygous rethu2846/+ larvae could be used to identify susceptibly loci, by injecting a MO in the heterozygous rethu2846/+ and wildtype larvae (Heanue et al., 2016). They found that in a heterozygous rethu2846/+ background, blocking expression of the mitogen activated protein kinase 10 gene (mapk10) with a MO, increased the loss of enteric neurons in the distal part of the gut (Heanue et al., 2016). The authors also generated a mapk10 mutant using transcription activator-like effector nucleases (TALENs), which is an efficient way to perform targeted genome editing and can be used in zebrafish (Cermak et al., 2011). However, the mapk10 mutant fish alone did not show any abnormalities in the ENS, showing that only in the rethu2846/+ background, loss of mapk10 worsens the ENS phenotype (Heanue et al., 2016).

Based on the various HSCR phenotypes observed in the ret mutant and morphant zebrafish, we here introduce a scoring system in larvae to facilitate standardization of observed phenotypes in novel HSCR models (Figure 3A). This system is based on the length of the intestine that lacks neurons, reminiscent of HSCR in humans (total colonic, short segment or ultra-short segment HSCR), or in overall reduction in the number of neurons, reminiscent of hypoganglionosis in humans (hypoganglionic) (Figure 3A).



Targeted Genome Editing

Targeted genome editing can be used to introduce insertions or deletions (indels) at specific target coding sequences, often leading to gene disruption and expression of non-functional truncated proteins. The latest generation of targeted genome editing uses the clustered regularly interspaced palindromic repeats (CRISPR)- associated Cas9 system (Jinek et al., 2012, 2013; Cong et al., 2013; Mali et al., 2013), and has been successfully adopted to disrupt target genes in zebrafish (Hwang et al., 2013; Jao et al., 2013). Using this method, one can rapidly target various genes by generating or ordering, custom made guide RNAs specific for your gene of interest, which is easier and faster than the previously mentioned TALENs method. The first report using CRISPR/Cas9 to study the ENS came when the autism-associated gene Chromodomain Helicase DNA Binding Protein 8 (chd8), was knocked out in zebrafish, leading to a reduction in the number of enteric neurons. Mutations in CHD8 cause an early-onset form of autism, presenting with a facial phenotype, macrocephaly, and gastrointestinal problems. A similar phenotype was obtained in zebrafish by blocking chd8 RNA translation/splicing, using a MO (Bernier et al., 2014). Interestingly, disruption of zebrafish orthologs of another autism gene, the SH3 and multiple ankyrin repeat domains 3 (SHANK3), also altered gut motility. However, this was not caused by a loss of ENS cells, but rather due to loss of intestinal serotonin-positive enteroendocrine cells (James et al., 2019).

Due to the high efficiency of the CRISPR/Cas9 system, it is feasible to analyze phenotypes directly in the injected generation (F0) and hence, quickly screen for the phenotype of interest. Based on this idea, rapid, high-throughput screening methods using CRISPR/Cas9 in zebrafish, have been developed with low off-target effects (Shah et al., 2015; Varshney et al., 2015; Hoshijima et al., 2019; Kuil et al., 2019). Such approach was successfully used in our lab to screen 14 novel candidate genes for HSCR. By comparing the effect observed in the ENS when using MOs, to the effect observed when using CRISPR-Cas9, four rare exonic de novo variants affecting the genes: DENN Domain Containing 3 (dennd3), Nucleolin (ncln), Nucleoporin 98 (nup98), and Thymus, Brain And Testes Associated (tbata), were identified to cause HSCR (Gui et al., 2017). This study confirmed that similar phenotypes can be found using either a morpholino-based approach or the CRISPR/Cas9-system. Furthermore, by disrupting zebrafish orthologs of candidate genes present in large copy number losses identified in HSCR patients, we revealed that HSCR phenotypes can be induced upon loss of the genes: Solute Carrier Family 8 Member A1 (slc8a1), Mitogen-Activated Protein Kinase 8 (mapk8), T-Box Transcription Factor 2 (tbx2), and Ubiquitin Recognition Factor In ER Associated Degradation 1 (ufd1l). In this study, we modeled synergy between ret and other genes by injecting an ATG-blocking MO against ret, to induce a dose dependent, highly specific HSCR phenotype (Figure 3A) (Heanue and Pachnis, 2008; Kuil et al., 2020). In case of reduced Ret expression by MO, disruption of the Glutamine synthetase gene (gnl1) also resulted in increased occurrence of HSCR phenotypes. With these studies, we show that direct (F0) screening in zebrafish is particularly useful for HSCR research, since it enables a fast validation of candidate genes identified in patients (Gui et al., 2017; Sribudiani et al., 2018; Kuil et al., 2020).

Epigenetic factors are often involved in cellular and developmental processes. Therefore, it is not surprising that they also play a role in intestine and ENS development. The gene regulatory systems of the zebrafish intestine are conserved in higher vertebrates (Lickwar et al., 2017), except during morphogenesis, where in zebrafish the GI tract develops from individual organ anlagen, whereas in amniotes it develops from a common endodermal tube (Wallace and Pack, 2003; Wang et al., 2010). The transition of zebrafish embryos from yolk dependency, to a free-feeding larva is a very rapid process, which requires extensive transcriptional and epigenetic regulation (San et al., 2018). To delineate these regulatory processes, a previous study has determined the epigenetic regulation of transcription in zebrafish. By generating a homozygous mutant for the Enhancer of zeste homolog 2 gene (ezh2) coding for a histone methyltransferase involved in transcription repression, they showed that this enzyme is essential for intestinal maintenance and survival of zebrafish larvae (San et al., 2018). This result suggested a possible role of this gene in the development and function of the intestinal tract in humans. Such role has recently been confirmed by showing that, EZH2 is involved in intestinal immune response and is even associated to inflammatory bowel disease (Zhou et al., 2019). Another study has shown that loss of genes coding for the ubiquitin-like protein containing PHD and RING finger domains 1 (Uhrf1), and DNA methyltransferase 1 (Dnmt1) reduced the number of enteric neurons and disrupted intestinal smooth muscle in zebrafish (Ganz et al., 2019). Although epigenetic mechanisms, including hypomethylation, have been suggested as a disease mechanism for HSCR [reviewed in Torroglosa et al. (2019)], this was the first report of a genetic animal model of aberrant methylation, that showed an effect on ENS development in vivo (Ganz et al., 2019). It would be of high interest to investigate the downstream transcriptional consequences of hypomethylation in enteric neurons, to further expand our understanding on HSCR pathogenicity.




ROLE OF NON-GENETIC FACTORS ON ENS DEVELOPMENT LEADING TO HSCR

Since genetic factors do not explain all HSCR cases, it is likely that other (non-genetic) factors are involved in HSCR pathogenesis. Due to its large clutch of offspring, small body size, high permeability and rapid development, the zebrafish is an excellent model to screen chemical libraries for therapeutic purposes, or for adverse effects. To identify drugs that could disrupt ENS development, a library of 1,508 compounds was tested in zebrafish embryos (Lake et al., 2013). They discovered that administration of Mycophenolate, an inhibitor of de novo guanine nucleotide biosynthesis, led to incomplete colonization of the gut by ENCCs and thus, to impaired ENS development. In another study, zebrafish embryos were used to screen for common medicines frequently taken by women during early pregnancy. It was found that Ibuprofen caused a HSCR-like phenotype, due to reduced migration of NCCs during early development (Schill et al., 2016).

Retinoic acid (RA) plays an important role in collective chain migration of ENCCs and their survival. Therefore, loss of RA leads to a HSCR phenotype caused by stalled migration, followed by detachment and apoptosis (Uribe et al., 2018). Interestingly, this effect was only induced during a “sensitive time period” during development, wherein ENCCs migrate in chains toward the distal end of the gut. On the other hand, supplementing RA stimulated enteric neuron development, leading to increased numbers (Uribe et al., 2018). Since attenuation of RA caused the migratory chain to stall and disorient, RA seems to act as a chemoattractant to guide ENCCs to the distal gut. Vitamin A is the precursor for functional RA and therefore, this process could be affected by altered levels of vitamin A. From several mouse studies it became clear that vitamin A can regulate the number of ENCCs and it is likely that the levels of vitamin A during pregnancy affect the risk of HSCR [reviewed in Heuckeroth (2018)]. Taken together, these studies showed that HSCR phenotypes are not only caused by genetic defects, but also by exposure to certain factors during development such as medication, suggesting that non-genetic mechanisms could affect HSCR occurrence.



IDENTIFICATION OF DRUGS THAT STIMULATE ENS DEVELOPMENT

Compounds that have a positive effect on ENS formation, i.e., increase the number of enteric neurons, could be valuable to find a potential new therapy for HSCR. Currently, the most promising future therapy for HSCR, seems to be autologous cell transplantation. As mentioned earlier, transplantation of wildtype ENS progenitors in sox10 zebrafish mutants could rescue the ENS (Rolig et al., 2017). In the uhrf1 mutant fish, ENS progenitor transplantation from wildtype donors was used to test cell autonomous effects (Ganz et al., 2019). Interestingly, transplanted wildtype cells were absent from the distal-most region in the mutants, showing that Uhrf1 function is necessary in non-neuronal cells in the intestine, for ENS progenitors to migrate to the far end of the intestine (Ganz et al., 2019). In mammalian HSCR models a lot of progress has been made in optimizing transplantation therapy. However, there are still several limitations to overcome such as, limited migration of transplanted cells along the gut, requirement of very high numbers of cells and the integration in the endogenous ENS network [reviewed in: Obermayr and Seitz (2018)]. Combining transplantation with the addition of chemical compounds that stimulate ENS development or make the ENS environment more favorable, could significantly improve transplantation outcomes (Lui et al., 2018; Zhao et al., 2020). The general idea for transplantation in patients, which is currently the major focus of many groups worldwide, is to obtain enteric neuronal progenitor cells and, after in vitro expansion, transplant them back to the aganglionic distal colon of the patient. As mentioned in the previous section, retinoic acid increases enteric neuron numbers in vivo and is currently also used in vitro to enhance specification of enteric neural progenitors (Frith et al., 2020). During a chemical screening in cultured human ENCCs, pepstatin A was discovered to be capable of improving colonization of transplanted NCCs in vitro and in vivo (Fattahi et al., 2016). Similarly, we demonstrated increased NCC survival and growth in a chemically induced HSCR rat model, by using a ROCK inhibitor (Zhao et al., 2020). Another study found that administration of glial cell derived neurotrophic factor (GDNF) rescued megacolon, prevented death and stimulated ENS regeneration in the Holstein (a model for trisomy 21-associated HSCR), TashT (a model for male-biased HSCR) and Piebald-lethal (a model for EDNRB mutation- associated HSCR) mice models (Soret et al., 2020). These results suggest that factors expressed by cells other than enteric neurons, are able to promote proliferation and engraftment of ENCCs. In addition, they prompt us with candidate compounds to use for improvement of future transplantation therapy.

To date, there is no chemical screen performed in zebrafish described to identify compounds that could prevent, or even revert the HSCR phenotype. However, mutant zebrafish lines that exhibit HSCR or other ENS phenotypes, are available and could be used for this purpose. Such study would be highly informative, as the complex ENS developmental process would be studied in vivo, as a whole, in developing zebrafish. This could result in the identification of chemicals that could facilitate ENS development, by targeting not only neuronal progenitors and neurons, but also other cell types, in the developing gut.



CONCLUSIONS

Despite many years of research on ENS development, we still lack a complete understanding of all the genes involved and causative of HSCR. Human genetic studies using Next Generation Sequencing approaches have revealed many new HSCR candidate genes. However, to better understand the pathogenicity of variants in these novel genes, and how they influence ENS development, a fast and robust method to functionally validate their effect, is in demand. The zebrafish is an excellent model to study the ENS and subsequently, enteric neuropathies such as HSCR, as rapid transgenic techniques, high-resolution fluorescent in vivo imaging, and well-characterized promoters for tissue-specific expression, are already available. Gene expression can also be easily disrupted or modified in zebrafish, to study the effect of specific genes, or a combination of genes, on the ENS by evaluating neuronal count, gut motility and intestinal transit time. Furthermore, zebrafish provides a high-throughput system for targeted validation and potential treatment strategies, using genome-editing technologies and drug screening set-ups. As mentioned in this review, the current general belief is that a defect in either migration, differentiation, proliferation or survival of enteric progenitors, causes the developmental defects observed in HSCR patients. Zebrafish studies have been instrumental in increasing our knowledge on ENS development and how genetic defects affect these processes, leading to HSCR.



FUTURE PERSPECTIVES

The advances in using CRISPR/Cas9 for genome editing allowed for a rapid expansion of the genetic toolbox available to edit the genome. The efficient and relatively easy generation of zebrafish mutants using these techniques, enhances tremendously the potential of this animal model for disease modeling. In combination with a variety of (functional) readouts, it is easy and more importantly, rapid to screen for ENS related phenotypes.

Up until now, most studies validate potential human disease candidate genes by introducing frameshift mutations, which will most of the time disrupt protein function. However, when patients have a point mutation that does not lead to a truncated protein, or might even lead to a gain of function, one needs another method to study this effect. In case the amino acid sequence containing the mutation is conserved in zebrafish, several approaches can be used to make a point mutation, leading to the same amino acid change observed in the patient. For example, a regular Cas9 protein can be injected together with a specific guide RNA targeting the position of the point mutation, and a single-stranded oligo or plasmid containing the mutation of interest and specific homology arms [Reviewed in: Albadri et al. (2017)]. However, since homologous directed repair (HDR) does not occur frequently in zebrafish, non-homologous end joining seems to be favored over HDR, as a repair mechanism. This leads to a relatively low efficiency of correction of specific point mutations, lacking unwanted indels, or insertion of the complete oligo with homology arms. Recent progress in CRISPR-mediated gene editing, currently allows the introduction of point mutations using base editors, cytidine deaminases, which are attached to a modified Cas9 protein. This technique can make the conversion of G-C base pairs to A-T base pairs or vice-versa, without generating double strand breaks [reviewed in: Liu et al. (2019)]. In zebrafish, sequence-specific single base mutations were generated with an efficiency ranging from ~9 to 28%, and a low number of indels (Zhang et al., 2017). The possibility of targeted knock-in single nucleotides in zebrafish, is valuable to analyze specific variants identified in HSCR patients, especially in the case of missense variants, when the CRISPR/Cas9 knockout might not accurately reflect the functional consequences of such variants. In addition, in cases where it is impossible to predict the effect of specific amino acid changes, the zebrafish can be a powerful and cost-effective model to study patient specific variants in vivo.

Although a lot of effort has been made to study ENS development in zebrafish, some developmental dynamics remain unsolved. For example, with respect to ENS lineages and differentiation paths of enteric glia, enteric progenitors and enteric neurons. In addition, various open questions in the field persist such as: do enteric neuronal stem cells exist in adults? Do new enteric neurons develop from only one, or a few enteric neuronal precursor cells at the wave front, or do they expand in parallel? CRISPR-Cas9 is currently used as scars or barcodes in the genome to reconstruct cell lineages during development, in an organism-wide manner using several techniques (McKenna et al., 2016; Alemany et al., 2018; Spanjaard et al., 2018). To date, these techniques have not been used to trace NCCs or other components of the ENS in particular. However, by doing so, one would be able to answer various open questions in the field, such as those mentioned earlier.

Taken together, the work discussed here shows that the zebrafish is an excellent model to study HSCR, but also for human pediatric research, as it will provide cues to improve our understanding of the complex processes involved in human development. We also believe that the zebrafish will be fruitful in the development of new approaches to treat HSCR. With novel technologies being regularly developed, this animal model promises exciting research opportunities in the future.
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Hair cells are the mechanosensory receptors of the inner ear and can be damaged by noise, aging, and ototoxic drugs. This damage often results in permanent sensorineural hearing loss. Hair cells have high energy demands and rely on mitochondria to produce ATP as well as contribute to intracellular calcium homeostasis. In addition to generating ATP, mitochondria produce reactive oxygen species, which can lead to oxidative stress, and regulate cell death pathways. Zebrafish lateral-line hair cells are structurally and functionally analogous to cochlear hair cells but are optically and pharmacologically accessible within an intact specimen, making the zebrafish a good model in which to study hair-cell mitochondrial activity. Moreover, the ease of genetic manipulation of zebrafish embryos allows for the study of mutations implicated in human deafness, as well as the generation of transgenic models to visualize mitochondrial calcium transients and mitochondrial activity in live organisms. Studies of the zebrafish lateral line have shown that variations in mitochondrial activity can predict hair-cell susceptibility to damage by aminoglycosides or noise exposure. In addition, antioxidants have been shown to protect against noise trauma and ototoxic drug–induced hair-cell death. In this review, we discuss the tools and findings of recent investigations into zebrafish hair-cell mitochondria and their involvement in cellular processes, both under homeostatic conditions and in response to noise or ototoxic drugs. The zebrafish lateral line is a valuable model in which to study the roles of mitochondria in hair-cell pathologies and to develop therapeutic strategies to prevent sensorineural hearing loss in humans.
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INTRODUCTION

Hair cells are the mechanosensory receptors for hearing and balance in the inner ear. They convert vibrational stimuli into electrical signals sent to the brain. At their apical surfaces, hair cells have rows of actin-rich stereocilia (McGrath et al., 2017). Mechanical stimuli such as sound deflect these stereocilia, leading to opening of mechanotransduction (MET) channels and graded depolarization of the hair cell, a process that is modulated by Ca2+ (Mammano et al., 2007). This depolarization opens the voltage-dependent L-type Ca2+ channels CaV1.3 localized at the basolateral membrane of hair cells, which drives synaptic vesicle fusion and release of glutamate onto auditory nerve fibers (Fettiplace, 2017).

MET and synaptic transmission are energy-demanding processes, and hair cells rely on mitochondria to generate ATP through oxidative phosphorylation to meet these high metabolic demands (Puschner and Schacht, 1997). One consequence of mitochondrial oxidative phosphorylation is the production of ROS. While low levels of ROS are important for maintaining homeostatic processes by acting as signaling molecules in intracellular pathways, high ROS levels can damage cells by oxidation of macromolecules (Collins et al., 2012). Damage by mitochondrial ROS has previously been linked to aging, although the role of ROS in aging processes is not completely understood (Liochev, 2013). Mitochondria also contribute to the homeostatic control of intracellular calcium. In hair cells, mitochondria directly regulate subcellular Ca2+ concentrations by uptake through the mitochondrial Ca2+ uniporter (Matlib et al., 1998; Wong et al., 2019). Mitochondria also indirectly regulate intracellular Ca2+ clearance by providing energy to fuel ATP-dependent Ca2+ pumps (PMCA) at the plasma membrane (Zenisek and Matthews, 2000). Ca2+ signaling is complex and is involved in a wide array of cellular processes and thus must be tightly regulated (Berridge et al., 2003). Mitochondria work in conjunction with the endoplasmic reticulum (ER) to buffer intracellular Ca2+ by sequestering it into these subcellular domains (Rizzuto and Pozzan, 2006; Rizzuto et al., 2009). Cytosolic Ca2+ is also buffered by proteins such as parvalbumin and calbindin-D28k (Hackney et al., 2005). As Ca2+ regulates both MET currents and synaptic vesicle release at opposite sides of the hair cell, this local Ca2+ regulation is critical for proper hair-cell function.

Mitochondria are important mediators in various cell death pathways, including apoptosis, necrosis, and autophagy. There are two distinct apoptosis signaling pathways; both pathways rely on a group of cysteine proteases called caspases, which cleave hundreds of proteins in apoptosis. In the cell-extrinsic apoptosis signaling pathway, cell death is triggered by ligands binding to cell-surface death receptors, resulting in formation of the death-inducing signaling complex (DISC) and activation of caspase-8 and caspase-10 (Ashkenazi, 2002). By contrast, in cell-intrinsic apoptosis signaling pathways, activation of pro-apoptotic Bcl-2 family proteins drives mitochondrial outer membrane permeabilization and triggers mitochondrial release of pro-apoptotic factors such as cytochrome c, which results in formation of the apoptosome and subsequent activation of caspase-9 (Liu et al., 1996; Du et al., 2000; Bock and Tait, 2020). These two pathways converge upon activation of the executioner caspases, caspase-3 and−7 (Bock and Tait, 2020). Necrosis and necroptosis, or programmed necrosis, are cell death pathways distinct from apoptosis and are characterized by mitochondrial swelling and impaired mitochondrial function. However, unlike apoptosis, cells that have been largely depleted of mitochondria are not resistant to necroptosis, suggesting that mitochondria are not critical for this cell death pathway (Tait et al., 2013). Autophagy, a lysosomal degradation process that can lead to cell death, has also been shown to be regulated by mitochondrial ROS (Chen et al., 2009).

Because the mitochondria play such critical roles in many cellular processes, they are increasingly being studied in the context of neural diseases, including sensorineural hearing loss (Johri and Beal, 2012; Bottger and Schacht, 2013). Hearing loss affects 23% of Americans over age 12 and has been associated with a variety of environmental causes (Goman and Lin, 2016). Acquired sensorineural hearing loss is caused by damage to hair cells and/or innervating afferent nerves. Hair cells can be damaged by excessive noise or by ototoxic drugs including aminoglycoside antibiotics and platinum-based chemotherapy drugs such as cisplatin (Lanvers-Kaminsky et al., 2017). Gradual loss of hearing, due to loss of hair cells, is also a common problem linked to aging (Schuknecht and Gacek, 1993). Because hearing loss is so prevalent and hair cell loss is permanent, there is a need to understand mechanisms of damage and to develop preventative and restorative therapies.

Zebrafish have emerged as a powerful model to investigate hearing and balance disorders. Zebrafish became established as a model organism for studying hair-cell development and function due to identification of numerous conserved genes involved in hearing and balance (Nicolson, 2017). In addition to their inner ears, which are required for hearing and balance, zebrafish also have hair cells in their lateral line organs. Unlike the sensory organs of the inner ear, lateral-line organs are located along the surface of the body, are used to detect local water currents (Dijkgraaf, 1963), and mediate behaviors such as the escape response (to avoid predation) and rheotaxis (counterflow swimming) (Olszewski et al., 2012; Suli et al., 2012; Stewart et al., 2013; Olive et al., 2016). The lateral line is made up of clusters of hair cells and supporting cells called neuromasts, which are innervated by afferent and efferent neurons (Figure 1) (Metcalfe et al., 1985; Raible and Kruse, 2000). The lateral line system in particular has become increasingly popular for studying hair-cell biology due to the optical and pharmacological accessibility of the neuromasts. In addition, in contrast to hair cells in the mammalian inner ear, fish hair cells in the ear and lateral line organs can regenerate after damage (Balak et al., 1990; Lombarte et al., 1993). Moreover, the generation of numerous transgenic fish lines expressing genetically encoded fluorescent reporters in hair cells offers the ability to visualize cellular and subcellular dynamics in vivo (Esterberg et al., 2014; Kindt and Sheets, 2018; Pickett et al., 2018). The zebrafish lateral line is thus a useful model system in which to study hair-cell biology and has been used to elucidate the roles of mitochondria in hair-cell pathologies and in homeostasis.


[image: Figure 1]
FIGURE 1. Zebrafish lateral-line neuromasts. (A) Schematic depicts a larval zebrafish. Pink patches indicate the location of hair cells in the inner ear required for hearing and balance, as well as hair cells in the lateral-line system. Green patches represent the location of the anterior and posterior lateral-line ganglia. The cell bodies of neurons in these ganglia project to and innervate hair cells in the lateral line. (B) A side view of the anatomy of a single lateral-line neuromast. Hair cells (pink) are surrounded by supporting cells (internal, blue and peripheral, orange) and innervated by both afferent (green) and efferent neurons. Mechanosensory hair bundles (purple) at the apex of hair cells project out into the water to detect local water flow. Mitochondria (yellow, orange) make up dynamic tubular networks within hair cells. Adapted from Kindt and Sheets (2018).




IDENTIFYING ROLES OF MITOCHONDRIA IN THE LATERAL LINE UNDER HOMEOSTATIC CONDITIONS

In addition to generating ATP and contributing to the spatial regulation of calcium within the cell, recent work has established novel roles for mitochondria in the development and maintenance of hair-cell synapses. Hair cells contain specialized electron-dense presynaptic structures, known as synaptic ribbons, that tether synaptic vesicles at the active zone and correspond with presynaptic clusters of voltage-gated L-type calcium channels (CaV1.3) (Frank et al., 2010; Sheets et al., 2011). Vesicle fusion occurs at hair-cell ribbon synapses upon influx of Ca2+ through CaV1.3 (Brandt et al., 2003). It has been demonstrated in mammals that spontaneous Ca2+ influx through CaV1.3 occurs in developing hair cells (Marcotti et al., 2003; Tritsch et al., 2007, 2010; Eckrich et al., 2018). Previous work in zebrafish revealed a role for presynaptic Ca2+ influx in modulating synaptic ribbon size within developing lateral-line hair cells; enlarged ribbons were observed in cav1.3a mutant hair cells, or in hair cells exposed to the L-type Ca2+ channel blocker isradipine (Sheets et al., 2012), while treatment with the L-type Ca2+ channel agonist Bay K8644 led to decreased ribbon size. A recent study further defined the role of mitochondria in this process (Wong et al., 2019). Spontaneous presynaptic Ca2+ influx was observed in developing zebrafish lateral-line hair cells and, in response to this influx, mitochondria localized near synaptic ribbons showed Ca2+ uptake, a process dependent on both CaV1.3 and the mitochondrial Ca2+ uniporter (MCU) (Wong et al., 2019). Blocking mitochondrial Ca2+ uptake with the MCU inhibitor Ru360 led to increased synaptic ribbon size in developing hair cells, demonstrating a role of mitochondrial Ca2+ signaling in ribbon formation during development.

Mitochondrial Ca2+ uptake likely regulates synaptic ribbon size by influencing NAD+/NADH redox (Jensen-Smith et al., 2012). The major structural component of synaptic ribbons is a protein called RIBEYE (Schmitz et al., 2000; Sheets et al., 2011; Lv et al., 2016). RIBEYE contains a unique A-domain and a B-domain which is nearly identical to the transcriptional repressor protein CtBP2, and each domain contains binding sites that regulate the formation of RIBEYE aggregates. Notably, RIBEYE B-domain contains an NAD(H) binding site, and it has been shown in vivo that NAD(H) inhibits heteromeric interactions between RIBEYE A- and B-domains (Magupalli et al., 2008). In zebrafish hair cells, blocking mitochondrial Ca2+ uptake with Ru360 or inhibiting CaV1.3 with isradipine resulted in increased NAD+/NADH ratio (Wong et al., 2019). Exogenously manipulating NAD+/NADH also altered presynaptic ribbon sizes in developing hair cells, such that treatment with NAD+ led to enlarged ribbons, while treatment with NADH decreased ribbon size. Cumulatively, these data support that spontaneous hair-cell activity and mitochondrial Ca2+ accumulation regulates NAD+/NADH redox, which in turn modulates synaptic ribbon assembly in developing hair cells.

In addition to playing a key role in development of hair-cell synapses, mitochondrial activity also appears to be critical for synaptic maintenance. In mature hair cells, activity evoked mitochondrial Ca2+ uptake functions to sustain presynaptic Ca2+ responses and maintain synapse integrity. Blocking mitochondrial Ca2+ uptake by treating with Ru360 or the voltage-dependent anion channel (VDAC) inhibitor TRO 19622 impaired presynaptic Ca2+ signals (Wong et al., 2019). In addition, partially blocking mitochondrial Ca2+ uptake with a low dose of Ru360 led to a high density of presynaptic CaV1.3 channel clusters, while completely blocking MCU with a high dose of Ru360 led to increased synaptic ribbon size and a reduction in the number of synapses per hair cell. These data establish a role of presynaptic Ca2+ signaling in the maintenance of hair-cell ribbon synapses. It is likely that this process occurs via a mitochondrial mechanism, as inhibition of mitochondrial Ca2+ uptake with Ru360 did not affect cytosolic Ca2+ concentrations, while modulation of CaV1.3 with isradipine or Bay K8644 resulted in changes in mitochondrial Ca2+ levels (Wong et al., 2019).

In conjunction with the mitochondrion, the endoplasmic reticulum (ER) is also a critical regulator of Ca2+ signaling within the cell (Schwarz and Blower, 2016). These two organelles are associated with mitochondrial associated membranes (MAMs), and Ca2+ transfer between them has been implicated in a wide range of cellular processes, including bioenergetics and cell death (Vance, 1990; Rizzuto et al., 2009; Bravo et al., 2012; Giorgi et al., 2012; Grimm, 2012). In zebrafish lateral-line hair cells, it has been demonstrated that mitochondria buffer Ca2+ released from the ER (Esterberg et al., 2014). Using a mitochondrial matrix-targeted Ca2+ indicator GCaMP3 (mitoGCaMP3), they observed increased fluorescence, indicative of increased local Ca2+ concentration, upon activation of inositol trisphosphate receptors (IP3Rs) with adenophostin A, and decreased GCaMP fluorescence upon inhibition of IP3Rs with xestospongin C or by blocking the MCU with Ru360. IP3Rs in the ER are involved in Ca2+ release into the cytosol and are coupled with mitochondrial VDAC in MAMs (Szabadkai et al., 2006). Thus, the observed changes in mitochondrial Ca2+ upon modulation of IP3Rs support the flow of Ca2+ from the ER to the mitochondria (Esterberg et al., 2014). It has been previously suggested that Ca2+ originating in the ER is first transferred to the cytosol before being taken up by mitochondria (Patergnani et al., 2011). To simultaneously monitor cytoplasmic and mitochondrial Ca2+ dynamics in the same cell, Esterberg et al. (2014) combined mitoGCaMP3 with the red cytosolic Ca2+ indicator RGECO and found that transient increases in cytosolic RGECO fluorescence corresponded with mitochondrial GCaMP3 increases. Upon ER modulation with adenophostin A, they observed increases in both cytosolic and mitochondrial Ca2+, but upon treatment with thapsigargin, only an increase in mitochondrial Ca2+ was observed. Further, by using local uncaging of photolabile EGTA preloaded with Ca2+ (caEGTA) to transiently elevate intracellular Ca2+ levels, they observed increased mitochondrial Ca2+ uptake that corresponded with an increase in mitochondrial transmembrane potential (ΔΨm), suggesting that even transient increases in mitochondrial Ca2+ can affect mitochondrial activity in hair cells. Cumulatively, these results show that under non-pathological conditions mitochondria take up Ca2+ released from the ER and that changes in mitochondrial Ca2+ can alter mitochondrial activity.

A recent study defined the short- and long-term consequences of evoked hair-cell activity on mitochondrial function. Using the same cytosolic and mitochondrial Ca2+ indicators described earlier, Pickett et al. (2018) observed increases in both cytosolic and mitochondrial Ca2+ in response to acute stimulation of hair cells, i.e., directional displacement of hair-cell stereocilia via a waterjet. Notably, the two evoked Ca2+ signals showed different kinetics, with rapid onset and decay in cytosolic Ca2+ signal followed by a slower rise and longer decay in mitochondrial Ca2+ signal. Mutants lacking mechanotransduction showed a reduced mitochondrial transmembrane potential, indicating reduced mitochondrial activity in the absence of hair-cell activity. To define long-term consequences on mitochondrial function, they next examined how cumulative hair-cell activity influenced the state of mitochondria using MitoTimer, a genetically encoded indicator of mitochondrial oxidation. Newly synthesized MitoTimer fluoresces green, but irreversibly shifts to red upon dehydrogenization of the Tyr-67 residue (Figure 2). Sustained lateral-line hair-cell stimulation in larvae exposed to 24 h of water currents generated by orbital rotation resulted in significantly increased MitoTimer fluorescence ratio that corresponded with increased hair-cell ROS, as measured with cellROX (a probe for oxidative stress; Table 1), and was dependent on hair-cell MET. Increased MitoTimer fluorescence also occurred with age; older hair cells had a higher red:green MitoTimer ratio compared with younger hair cells. These data support that hair-cell activity influences cumulative mitochondrial activity and hair-cell oxidation.


[image: Figure 2]
FIGURE 2. MitoTimer fluorescence in hair cells. (A, B) Maximum-intensity projections of hair cells from Tg[myo6b:mitoTimer]w208 fish at 3dpf (A) and 5dpf (B). (C) Mean mitoTimer fluorescence plotted as ratio of red:green at 3, 4, and 5 dpf. Scale bar, 5 μm. Reproduced with permission from Pickett et al. (2018).



Table 1. Drugs, vital dyes, and indicators used to study hair-cell mitochondrial biology.
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MITOCHONDRIA IN RESPONSE TO AMINOGLYCOSIDE OTOTOXICITY

Aminoglycoside antibiotics, such as neomycin and gentamicin, are widely used to treat Gram-negative bacterial infections, such as tuberculosis (Forge and Schacht, 2000). These drugs also cause hearing loss in up to 20% of patients who take them, and this hearing loss is due to aminoglycoside-mediated hair-cell death (Xie et al., 2011). While it is known that aminoglycosides function by binding to ribosomal subunits and interfering with bacterial translation, the mechanisms underlying hair-cell death were still unclear (Borovinskaya et al., 2007, 2008). Further, there is evidence that different aminoglycosides kill hair cells by different pathways (Coffin et al., 2013b). There is thus a need to understand the various mechanisms of ototoxic damage by aminoglycosides to prevent loss of hair cells. In addition, it has been demonstrated that the mitochondrial ribosome closely resembles the prokaryotic ribosome, suggesting a role of mitochondria in the response to aminoglycosides (Lynch and Puglisi, 2001).

Neomycin has been widely used to study ototoxic effects in the zebrafish lateral line, and an early analysis of the hair-cell ultrastructure in response to neomycin demonstrated mitochondrial swelling that preceded other cellular phenotypes (Owens et al., 2007). More recent work has shown that a hair cell's history of mitochondrial activity can predict its susceptibility to neomycin-induced death, such that hair cells with more cumulative mitochondrial activity, including hair cells that are older, are more vulnerable to aminoglycoside-induced death (Pickett et al., 2018).

As mitochondria play a critical role in regulating intracellular Ca2+, recent studies have sought to characterize mitochondrial Ca2+ dynamics in the context of neomycin-induced hair-cell damage. In dying hair cells exposed to neomycin, the mitochondrial potential (ΔΨm) collapses, followed by a spike in cytosolic Ca2+ (Esterberg et al., 2013). Elevating intracellular Ca2+ by uncaging caEGTA resulted in hair-cell death and increased susceptibility to neomycin, while decreasing intracellular Ca2+ by uncaging the Ca2+ chelator diazo2 exhibited a protective effect. In addition, it has been observed that both cytosolic Ca2+ and mitochondrial Ca2+ levels spike in dying hair cells exposed to neomycin (Esterberg et al., 2014). Inducing Ca2+ release from the ER by treatment with thapsigargin or activating IP3Rs with adenophostin A increased neomycin-induced hair-cell death, while inhibiting IP3Rs with xestospongin C protected hair cells. Blocking mitochondrial Ca2+ uptake with Ru360 also protected hair cells, suggesting that the flow of Ca2+ from the ER to the mitochondria is a defining event in neomycin-induced hair-cell death. This Ca2+ transfer from the ER to the mitochondria drives increased mitochondrial hyperpolarization during hair-cell death (Figure 3). Further, modulating mitochondrial polarization altered hair-cell susceptibility to neomycin, such that increasing ΔΨm by treatment with cyclosporin A increased neomycin toxicity, while mitochondrial depolarization by treatment with FCCP protected hair cells from neomycin-induced death. These data provide a mechanism by which mitochondrial Ca2+ plays a key role in neomycin-induced hair-cell death.


[image: Figure 3]
FIGURE 3. Diagram of Ca2+ signaling in hair cells exposed to neomycin. Neomycin enters the hair cell through MET channels at the apex. Inset shows flow of Ca2+ from the ER to the mitochondria, resulting in increased ROS levels and increased ΔΨm, which leads to hair-cell death. Created with BioRender.com.


While the mechanisms underlying neomycin-induced hair-cell death have been well researched, gentamicin ototoxicity has been relatively understudied in the zebrafish lateral line. It has been shown that the hair-cell signaling pathways activated in response to gentamicin and time course of hair-cell death are different from that of neomycin; it is thus important to understand the mechanisms of damage by different aminoglycosides to develop protective therapies (Owens et al., 2009; Coffin et al., 2013a,b; Wiedenhoft et al., 2017). While a requirement for caspases in aminoglycoside-induced hair-cell death has been established in vivo in chick and in vitro in mammalian inner ear cultures, a study in the zebrafish lateral line demonstrated that both neomycin and gentamicin induce hair-cell death by caspase-independent pathways, as treatment with the caspase inhibitor Z-VAD-Fmk did not confer protection against either aminoglycoside (Coffin et al., 2013b). One study defined the relative roles of p53 signaling in neomycin and gentamicin ototoxicity. In apoptosis, p53 rapidly translocates to the mitochondria, preceding other mitochondrial phenotypes such as changes in ΔΨm and release of cytochrome c (Marchenko et al., 2000). In the mitochondria, p53 directly interacts with Bcl-2 to block its anti-apoptotic activity and induces apoptosis by interacting with pro-apoptotic proteins such as Bax (Mihara et al., 2003; Chipuk et al., 2004; Deng et al., 2006). Inhibition of the pro-apoptotic protein Bax offered some protection against neomycin- but not gentamicin-induced hair-cell loss, suggesting a Bax-dependent cell death pathway is involved in neomycin ototoxicity. In contrast, the p53 inhibitor pifithrin-α (PFTα) offered protection against gentamicin-induced hair-cell death suggesting an alternative, p53-dependent pathway underlying gentamicin ototoxicity. This is underscored by the observation that stabilizing p53 by treating with nutlin-3a, an inhibitor of the p53 antagonist Mdm2, sensitized hair cells to toxicity from chronic gentamicin exposure (Coffin et al., 2013a). In the same study, they found that overexpression of Bcl2, a target of p53, robustly protected zebrafish against gentamicin-induced hair-cell loss, but that some hair-cell death occurred after the course of treatment, implying that delayed hair-cell death following continuous gentamicin treatment is independent of p53. Future studies profiling the pathways involved in aminoglycoside-induced hair-cell death and defining the roles of proteins such as p53 and Bax will be useful in identifying therapeutic targets to protect against aminoglycoside ototoxicity. In addition, it is important to consider the differences between model systems in response to aminoglycosides, such as the requirement for caspases.

While there are obvious differences between model organisms, such as the differences between zebrafish neuromasts and the mammalian cochlea, there may also be differences between strains of a single species. A recent study found that the Tupfel long-fin (TL) wild-type strain of zebrafish were less vulnerable to gentamicin-induced hair-cell loss than the AB* strain of zebrafish (Wiedenhoft et al., 2017). Both of these strains of zebrafish are commonly used for a variety of studies, including studies of hair-cell biology. They observed that, while stabilizing p53 with nutlin-3a sensitized AB* hair cells to gentamicin-induced death, nutlin-3a treatment did not affect the survival of TL hair cells exposed to gentamicin, suggesting there may be strain-specific differences in p53 signaling. It is thus important to also consider the strain of zebrafish in studies of hair-cell biology.



MITOCHONDRIAL ROS PRODUCTION AND ANTIOXIDANT PROTECTION AGAINST ENVIRONMENTAL HAIR-CELL DAMAGE

One consequence of oxidative phosphorylation is the generation of ROS. Mitochondrial ROS are generally produced in the form of superoxide or hydrogen peroxide due to oxidation of metabolic intermediates in the electron transport chain complexes I and III (Brand, 2016). Hydroxyl radicals can also be produced in the mitochondria by the Fenton reaction, in which iron compounds are reduced by superoxide (Thomas et al., 2009). Under homeostatic conditions, ROS production is tightly regulated. Under conditions of oxidative stress, however, cytosolic ROS can stimulate the further production of ROS, potentially leading to a cascade of oxidative damage to macromolecules within the cell (Kroller-Schon et al., 2014).

Mitochondrial ROS production may play a role in aminoglycoside ototoxicity. It has been shown that aminoglycosides bind to iron salts and stimulate the production of free radicals by Fenton chemistry (Priuska and Schacht, 1995; Kohanski et al., 2007). A study in zebrafish lateral line observed an increase in ROS levels, as measured by the indicator cellROX green and by the hydrogen peroxide biosensor HyPer, in dying hair cells upon neomycin exposure (Esterberg et al., 2016). The increased hydrogen peroxide level corresponded with increased ΔΨm and mitochondrial oxidation, as reflected by the indicator mitoSOX (Table 1). These observed phenotypes were driven by mitochondrial Ca2+ uptake; blocking entry of Ca2+ into the mitochondria with Ru360 reduced ROS levels and mitochondrial oxidation after neomycin exposure. Cumulatively, these data suggest that mitochondrial Ca2+ uptake is an event upstream of neomycin ototoxicity, with ROS playing an additional role.

Exogenous antioxidants have shown promising otoprotective effects in zebrafish lateral line and mammalian cochlear explants (Ton and Parng, 2005; Noack et al., 2017; Hur et al., 2018). However, this approach has had limited success in clinical trials, likely because different antioxidants act via distinct cellular targets and molecular pathways (Noack et al., 2017). While treatment with exogenous antioxidants or ROS scavengers is one potential approach to protect hair cells from ototoxicity, another strategy is to leverage endogenous mechanisms within cells to protect against damage by ROS. To guard against oxidative stress, organisms have developed endogenous defense mechanisms, including antioxidant enzymes such as catalase, glutathione peroxidase, superoxide dismutases, and heme oxygenase-1 (HO-1) (Mates, 2000). Expression of these antioxidant enzymes can be induced by activators of peroxisome proliferator-activated receptor-α (PPAR-α) (Toyama et al., 2004). Fenofibrate, one such PPAR-α agonist, offered modest protection against gentamicin-induced hair-cell loss in both rat cochlear explants and in zebrafish lateral-line neuromasts (Park et al., 2017). This protection required activity of HO-1, as inhibition of HO-1 by SnPPIX abolished these protective effects. Thus, stimulating endogenous antioxidant pathways could also provide some protection against aminoglycoside-induced damage. Another approach to protecting against aminoglycoside ototoxicity is the use of ROS scavengers. Treatment of zebrafish with NecroX-5, an ROS and RNS scavenger, offered modest protection against neomycin-induced damage (Song et al., 2014). NecroX-5 exposure partially rescued neomycin-induced phenotypes including hair-cell loss, hair-cell apoptosis, and damage to hair bundles and hair-cell mitochondria. Treatment with quercetin, another ROS scavenger which has been shown to have antioxidant properties in vitro, also protected against neomycin-induced hair-cell loss (Hirose et al., 2016). Quercetin also reduced ROS levels, as detected by H2DCFDA labeling (Table 1).

In mammals, it has been shown that ROS are generated in the cochlea after noise exposure, and that antioxidants administered before or after exposure can potentially ameliorate noise-induced damage (Yamane et al., 1995; Ohlemiller et al., 1999; Ohinata et al., 2000; Oishi and Schacht, 2011). A recent study sought to model severe noise damage in the zebrafish lateral line using an ultrasonic device to produce cavitation creating small localized shock waves, and found that exposure to this stimulus resulted in hair-cell death 48–72 h after exposure (Uribe et al., 2018). Treatment with the antioxidant D-methionine prevented this sonic-induced hair-cell loss, suggesting a role for oxidative stress in this model. Because zebrafish can be exposed to drugs by bath application, they are an optimal system in which to screen for protective or harmful drugs. By screening a redox library for compounds that protected against damage, glutathione, baicalein, D-α-tocopherylquinone, and ferulic acid ethylester were identified as protective agents (Uribe et al., 2018). As reducing oxidative stress gains attention as a strategy to prevent noise-induced hair-cell death, zebrafish models may provide information toward identifying effective protective therapeutic strategies.

It has been suggested, specifically in the context of aminoglycoside ototoxicity, that hair cells “find a way to die” such that inhibition of one death pathway will lead to the activation of other death pathways, and that it may be necessary to target multiple pathways to fully protect hair cells from ototoxins, such as by using drug cocktails or by using drugs that have multiple modes of action (Vandenabeele et al., 2006; Ou et al., 2012). It has been determined that aminoglycosides enter hair cells through MET channels, so one approach to protecting against aminoglycoside ototoxicity could be to block uptake through MET (Alharazneh et al., 2011; Hailey et al., 2017). In zebrafish, it has been shown that treatment with quinoline ring derivatives such as amsacrine, quinine, and mefloquine protects against aminoglycoside-induced hair-cell death by blocking uptake (Ou et al., 2012). Analogs of the quinoline ring derivative berbamine have also recently been shown to block uptake of aminoglycosides into hair cells; however, the degree of uptake block did not correlate with the magnitude of hair-cell protection from aminoglycosides, suggesting a second uptake-independent mechanism (Kruger et al., 2016; Hudson et al., 2020). Quinoline ring derivatives have been shown to have antioxidant properties in other systems (Detsi et al., 2007; Naik et al., 2009; Ghinet et al., 2012). It would be interesting to know whether these compounds also function as antioxidants in a zebrafish or mammalian model of ototoxicity, as it will be important to identify drugs that could target both aminoglycoside uptake and oxidative stress in hair cells as candidate treatments for the prevention of aminoglycoside-induced hearing loss in humans.



OXIDATIVE STRESS AND CISPLATIN

Cisplatin is an anti-cancer chemotherapeutic drug that is commonly used to treat a number of different cancers. Notably, cisplatin treatment causes hearing loss in up to 80% of patients (Frisina et al., 2016). Cisplatin ototoxicity has been linked to ROS, in that ROS deplete cochlear tissue of antioxidants, leading to increased free radical production and subsequent lipid peroxidation (Rybak, 2007). In addition, cisplatin may induce hair-cell death, at least in part, by activating ROS-mediated cell death pathways in mitotically quiescent hair cells (Kim C. H et al., 2008). This mode of induction is in contrast to mitotically active cells, where cisplatin induces cell death through DNA damage and activation of apoptosis.

Similar to work with aminoglycosides, protection against cisplatin ototoxicity using antioxidants and ROS scavengers has been an intriguing topic of recent study. Epicatechin, a ROS scavenger derived from tea leaves, has been shown to protect zebrafish from cisplatin-induced lateral-line hair-cell loss (Kim C. H et al., 2008). Kenpaullone, an inhibitor of cyclin-dependent kinase 2, was shown to reduce ROS in cochlear explants and also protected against cisplatin-induced damage in the zebrafish lateral line (Teitz et al., 2018). Quercetin, similar to its effect on aminoglycoside ototoxicity, protected against cisplatin-induced hair-cell loss and mitochondrial damage (Lee et al., 2015). Finally, the free radical scavenger edaravone also showed a protective effect against cisplatin-induced hair-cell loss, mitochondrial damage, and damage to hair bundles (Hong et al., 2013). While it has been shown that cisplatin ototoxicity in the lateral line is both dose and time dependent (Ou et al., 2007), one notable deficit in the area of cisplatin ototoxicity research in zebrafish is a current lack of consistent cisplatin damage protocols, i.e., optimal dosage and time of exposure used across studies (Domarecka et al., 2020). As cisplatin acts as a cytotoxin through diverse cellular pathways, optimizing damage protocols in zebrafish will be required to determine the relative role of ROS accumulation in cisplatin ototoxicity.



USING GENETIC TOOLS TO STUDY ZEBRAFISH HAIR-CELL MITOCHONDRIAL BIOLOGY

While acquired hearing loss can be caused by exposure to noise or ototoxic drugs, some hearing loss is inherited (Lenz and Avraham, 2011; Mahboubi et al., 2012). In addition, susceptibility to age-related, noise-induced, or aminoglycoside-induced hearing loss may also have a genetic component. Recent whole-genome sequencing and genome-wide association studies have identified genes implicated in acquired hearing loss (Zhao et al., 2013; Lavinsky et al., 2015; Vuckovic et al., 2018; Nagtegaal et al., 2019; Wells et al., 2019). Interestingly, mitochondrial mutations have also been associated with hearing loss susceptibility (Jing et al., 2015). Identifying and studying both mitochondrial genes and genes involved in regulating mitochondrial function will undoubtedly aid in developing protective therapies.

Zebrafish have been a popular model for genetic studies due to their high fecundity and ease of genetic manipulation. Forward genetic screens in zebrafish have proven useful for identifying genes required for hearing and balance as well as in pathways involved in aminoglycoside-induced death (Nicolson et al., 1998; Owens et al., 2008; Stawicki et al., 2016; Nicolson, 2017). Through reverse genetics, using tools such as CRISPR/Cas9, one can generate mutations in zebrafish as a way to study those implicated in hearing loss in humans (Liu et al., 2019). In addition to generating mutations to study gene function, transgenic fluorescent reporters can also be used to visualize cellular and subcellular structures and dynamics (Table 2; Figure 4).


Table 2. Transgenic zebrafish lines used to visualize and study hair-cell mitochondrial dynamics.
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FIGURE 4. Representative images of hair cells expressing transgenes used to visualize mitochondrial dynamics. Live hair cells expressing RGECO1 (A), MitoGCaMP3 (B), and Rex-YFP (C). Scale bar, 5 μm. Adapted with permission from Wong et al. (2019).


Forward genetic screens have been particularly useful for identifying novel gene function in the zebrafish lateral line. One such gene identified using forward genetics is pappaa, which encodes pregnancy-associated plasma protein-aa (Wolman et al., 2015). Pappaa acts in the IGF1 signaling pathway and has recently been shown to regulate hair-cell mitochondrial function (Alassaf et al., 2019). pappaap170 mutant zebrafish were more susceptible to neomycin-induced hair-cell death and had elevated ROS levels in their hair cells. In addition, pappaap170 mutant hair cells had increased mitochondrial Ca2+, hyperpolarized ΔΨm, and reduced expression of the mitochondrial antioxidant genes gpx, sod1, and sod2, all of which could contribute to increased ROS levels. Treatment with the ROS scavenger mitoTEMPO rescued pappaap170 mutant susceptibility to neomycin-induced hair-cell death, suggesting that elevated ROS underlies the enhanced hair-cell death in pappaap170 mutants. The study supports the utility of zebrafish forward genetic screens in identifying novel genes involved in mitochondrial function and hair-cell vulnerability.

Another study used CRISPR/Cas9 technology to delete the gene mtu1 to study its function in hair cells (Zhang et al., 2018). This gene encodes a highly conserved mitochondrial tRNA modifying enzyme. In humans, deficient tRNA modification is associated with deafness (Wang et al., 2016). mtu1-deficient zebrafish had deficient thiolation of mitochondrial tRNA, as well as decreased levels of mitochondrial tRNA and mitochondrial proteins (Zhang et al., 2018). mtu1−/− zebrafish also had deficient oxidative phosphorylation and reduced ATP. In the lateral line, mtu1−/− zebrafish had fewer hair cells per neuromast. These results support a role for mitochondrial tRNA modification in deafness and demonstrate the value in using reverse genetics to study gene function in hair cells.



CONCLUSION

The zebrafish lateral line is a valuable model system in which to study hair-cell mitochondria and offers unique tools such as the ability to visualize mitochondrial dynamics in vivo. Studies utilizing this system have shed light on the roles of mitochondria in calcium homeostasis and synapse regulation as well as supported roles of mitochondria in cell death pathways, particularly in response to ototoxic drugs like aminoglycosides. The strides made from zebrafish studies contribute to the understanding of hearing loss in humans and will lead to development of preventative or protective therapies in the future.
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Atherosclerotic cardiovascular disease is one of the leading causes of death worldwide. Establishing animal models of atherosclerosis is of great benefit for studying its complicated pathogenesis and screening and evaluating related drugs. Although researchers have generated a variety of models for atherosclerosis study in rabbits, mice and rats, the limitations of these models make it difficult to monitor the development of atherosclerosis, and these models are unsuitable for large scale screening of potential therapeutic targets. On the contrast, zebrafish can fulfill these purposes thanks to their fecundity, rapid development ex utero, embryonic transparency, and conserved lipid metabolism process. Thus, zebrafish have become a popular alternative animal model for atherosclerosis research. In this mini review, we summarize different zebrafish models used to study atherosclerosis, focusing on the latest applications of these models to the dynamic monitoring of atherosclerosis progression, mechanistic study of therapeutic intervention and drug screening, and assessment of the impacts of other risk factors.
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INTRODUCTION

Atherosclerosis (AS) is the pathological basis for many cardiovascular diseases (CVDs), presenting a severe threat to human health (Lusis, 2000; Thomas et al., 2018). AS is characterized by a large amount of lipid deposition in arterial blood vessels which forms plaques and causes muscular elastic artery stenosis, resulting in lumen occlusion or ruptured hemorrhage. The pathological process of AS is very complicated (Libby et al., 2011). First, excessive low-density lipoprotein (LDL) gradually accumulates underneath the endothelium and becomes oxidized LDL (Ox-LDL), which induces inflammation and results in excessive chemokines released from endothelial cells (Di Pietro et al., 2016). Attracted by chemokines, monocytes migrate to the intima of blood vessels and become macrophages upon the stimulation of macrophage colony-stimulating factors (M-CSFs) (Shao et al., 2016). Macrophages then engulf Ox-LDL and transform into foam cells, which release a number of factors that induce smooth muscle cell (SMC) migration and the formation of a fibrous cap (Sakakura et al., 2013). Subsequently, SMCs are gradually lost from the fibrous cap, while infiltrating macrophages degrade the collagen-rich cap matrix. These two mechanisms result in thinning of the fibrous cap, which leads to plaque rupture and thrombosis (Bentzon et al., 2014; Ziegler et al., 2019).

Animal models are essential for exploring the complex molecular mechanism of AS, which are conducive to studying the occurrence and development of AS, and to assessing the therapeutic effects of diet and drug interventions on AS (Fuster et al., 2012; Lee et al., 2017a). From the early 20th century to the era of new millennium, researchers have utilized a variety of animals in AS models for over 100 years, including rabbits, mice, rats, pigs and non-human primates (Lee et al., 2017a; Vedder et al., 2020). Large animal models such as pigs and non-human primates are suitable for AS research because their vascular lesion morphology and lipid metabolism are similar to that in humans (Rapacz et al., 1986; Getz and Reardon, 2012; Laila et al., 2018). The disadvantages of these models include long modeling times, high cost, complex experimental procedures, and difficulties in obtaining large amounts of data (Lee et al., 2017a). Small mammalian animals such as rabbits and mice are cheaper to rear, and mice can be easily manipulated genetically (Mushenkova et al., 2019; Poznyak et al., 2020). However, long-term fat-fed rabbits are prone to hepatotoxicity and a severe inflammatory response, and the plasma lipid profiles differ considerably among inbred strains of mice and also among different mouse mutants, rendering large variation in their susceptibility to AS (Paigen et al., 1985; Getz and Reardon, 2012; Fan et al., 2015; Golforoush et al., 2020; Vedder et al., 2020). Thus, no single animal model is sufficient for AS research; therefore, additional novel animal models are required.



ZEBRAFISH MODELS FOR ATHEROSCLEROSIS RESEARCH

Zebrafish have proven to be an excellent animal model for developmental studies and human disease modeling (Lieschke and Currie, 2007; Gut et al., 2017). The advantages of zebrafish, including small body size, low rearing cost, large numbers of offspring, ex utero fertilization and rapid development, render it feasible and affordable to perform large scale screening of candidate targets (Gut et al., 2017). Furthermore, embryonic transparency facilitates dynamic monitoring of various cellular processes in vivo through live imaging with fluorescent reporter lines (Lieschke and Currie, 2007; Holtzman et al., 2016). Zebrafish are poikilothermic vertebrates that favor lipids as a source of energy, whereas homeothermic mammals favor carbohydrates (Stoletov et al., 2009). Although the plasma lipid profiles differ largely between zebrafish and humans, the lipid metabolism process is highly conserved which has been extensively discussed in previous reviews (Holtta-Vuori et al., 2010; Fang et al., 2014; Schlegel, 2016; Figure 1). In short, the genes involved in lipoprotein and lipid metabolism, such as apob, apoe, apoa1, ldlr, apoc2, lpl, lcat and cetp, are conserved in zebrafish (Anderson et al., 2011; Fang et al., 2014). Notably, the Apob protein in zebrafish is equivalent to APOB100, not APOB48, in humans (Otis et al., 2015). Since LDL and very-low-density lipoprotein (VLDL) containing APOB100 have a longer half-life in plasma, zebrafish are more likely to develop AS (Babin and Vernier, 1989; Stoletov et al., 2009; Fang et al., 2010). Furthermore, cholesteryl ester transfer protein (CETP), an enzyme whose net effect favors AS development in humans, is expressed in zebrafish but not in mice (Fang et al., 2014). Compared to other AS animal models, the sharp increase in oxidized lipoproteins is most significant in zebrafish fed a high cholesterol diet (HCD), making them excellent models for investigating the mechanism of lipoprotein oxidation (Stoletov et al., 2009; Fang et al., 2010). However, zebrafish models also possess their own drawbacks. Blood samples can be collected only in small quantity from zebrafish that are older than 45 days, homogenates of several larvae are used instead for studies at early developmental stages. The lipoprotein profile and LDL makeup are different and no late-stage lesion is observed in zebrafish AS models (Stoletov et al., 2009; Fang and Miller, 2012, 2013). Nevertheless, zebrafish have become a popular alternative animal model for AS research, especially for early progression of AS (Holtta-Vuori et al., 2010; Vedder et al., 2020). Thus, several zebrafish models have been established and are widely used (Figure 1).
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FIGURE 1. Zebrafish models for atherosclerosis research. Cartoon shows lipid metabolism and transport of lipoproteins in zebrafish. The phenotypes of four zebrafish models used in atherosclerosis research are indicated. ApoA/B/C2/E, Apolipoprotein A/B/C2/E; CE, cholesteryl ester; CETP, cholesteryl ester transfer protein; CM, chylomicron; CM Remnant, chylomicron remnant; HCD, high cholesterol diet; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; LPL, lipoprotein lipase; LRP, low density lipoprotein receptor-related protein; LXR, liver x receptor; TG, triglyceride; VLDL, very-low-density lipoprotein.



High-Cholesterol Diet Model

Adult zebrafish subject to 8–12 weeks of 4% (w/w) HCD feeding are susceptible to developing hypercholesterolemia, with plasma total cholesterol level reaching 800 mg/dL, a 4-fold increase compared to normal diet (ND)-fed fish (Stoletov et al., 2009). Vascular lesions of enlarged intima with accumulation of lipid and cell infiltration can be found in sections of dorsal aorta. Such lesions are classified as fatty streaks which equal to type II AS lesions in humans, the early stage of type I-VI lesions (Stary et al., 1995; Stoletov et al., 2009). Upon a 10-day challenge with HCD, zebrafish larvae display vascular lipid accumulation, myeloid cell aggregation, and early lipoprotein oxidation (Stoletov et al., 2009; Fang et al., 2010). The vascular lipid accumulation is dose-dependent upon feeding various concentration of cholesterol (2–10%), with most reproducible results achieved at 4% cholesterol (Stoletov et al., 2009). Thus, the zebrafish HCD model is frequently used to study the early development of AS. However, a recent study reported that the 10-day challenge with HCD did not render accumulation of macrophages in the blood vessels of zebrafish larvae (Verwilligen et al., 2020). The reason for this discrepancy warrants further investigation but the difference suggests that longer HCD feeding as in adult fish may be necessary.



ldlr Mutant Zebrafish

Deficiency in the LDL receptor (LDLR) results in familial hypercholesterolemia in humans (Andersen et al., 2017). Liu et al. knocked out ldlr in zebrafish using CRISPR/Cas9 technology. The ldlr mutant zebrafish with a ND feeding showed activation of SREBP-2 pathway and developed moderate hypercholesterolemia. After being fed a HCD for only 5 days, ldlr mutant larvae showed increased lipid accumulation in blood vessels and exacerbated hypercholesterolemia, which resulted in type II AS lesions (Liu et al., 2018; Vedder et al., 2020). The reduction in diet challenge time makes this model more useful for mechanistic studies and screening of potential drugs for hypercholesterolemia.



apoc2 Mutant Zebrafish

APOC2 is an activator of lipoprotein lipase that plays an important role in lipid metabolism (Wolska et al., 2017). Liu et al. (2015) knocked out apoc2 in zebrafish using TALEN technology. The results revealed chylomicronemia and severe hypertriglyceridemia in apoc2 mutants (Liu et al., 2015), which resembled the characteristics of patients lacking APOC2 (Baggio et al., 1986). Apoc2–/– larvae fed a ND showed lipid accumulation and lipid-containing macrophages in the vasculature, similar to that observed in the development of human type II AS lesions (Liu et al., 2015; Vedder et al., 2020). As a result, apoc2–/– zebrafish without HCD feeding can serve as dyslipidemia models to investigate the molecular mechanism of LDL infiltration, oxidation and phagocytosis by vascular wall macrophages, and used as models for screening of potential drugs for hyperlipidemia.



lxr Mutant Zebrafish

Liver X receptors (LXRs) plays important roles in cholesterol catabolism (Calkin and Tontonoz, 2012). There are two subtypes of LXRs in mammals, LXRα and LXRβ, and only one lxr gene with higher homology to LXRα is present in zebrafish (Pinto et al., 2016). Zebrafish with a targeted deletion in lxr showed a substantial increase in LDL when fed a HCD or a high-fat diet (HFD), developing severe hypercholesterolemia and hepatic steatosis, with lipid deposition resembling fatty streaks in humans (Cruz-Garcia and Schlegel, 2014; Vedder et al., 2020). This model can be applied for screening intestinal-restricted LXR agonists, which can be used to suppress the development of dyslipidemia and atherosclerosis.



DYNAMIC MONITORING OF AS PROGRESSION

There are several theories of AS pathogenesis, including endothelial injury, smooth muscle cell migration and proliferation, and monocyte-derived foam cell formation (Lusis, 2000; Libby et al., 2013; Sakakura et al., 2013; Emini Veseli et al., 2017). AS is also related to oxidative stress, non-coding RNA, inflammation (Feinberg and Moore, 2016; Kattoor et al., 2017). However, no single theory clearly elaborates the progression of AS (Libby et al., 2019). It is of great importance to explore the complex and diverse pathophysiological processes of AS, especially the spatiotemporal specificity. Mammalian models, such as mice and rabbits, and human biopsy samples, can provide only endpoint results (Lee et al., 2017a,b), while zebrafish can be used to monitor the development of AS dynamically using in vivo live imaging because of their embryonic transparence and an abundance of fluorescent reporter lines (Fang and Miller, 2012; Gut et al., 2017).

Luo et al. (2019) fed Tg(lysc:EGFP), Tg(mpx:EGFP), and Tg(mpeg1:EGFP) transgenic zebrafish lines HCD to dynamically monitor myeloid cells/neutrophils in vivo during the initial stage of atherosclerosis. They also enriched endothelial cells with green fluorescence from HCD fed Tg(flk1:EGFP) fish by flow cytometry to detect gene expression (Luo et al., 2019). The results showed that endothelial cell inflammation occurred as an early pathological change, which was prior to the accumulation of myeloid cells and neutrophils in blood vessels. Lipid depositions occurred after neutrophil accumulation. Pharmacological inhibition of HCD-induced early endothelial inflammation may prevent the initial development of AS (Luo et al., 2019).

Additionally, the HCD model is used to explore the role of Ox-LDL during the early stage of AS. Oxidation events, such as malondialdehyde (MDA) formation, produce immunogenic epitopes, and specific antibodies have been used in the study of AS and cardiovascular imaging (Miller et al., 2011). Fang et al. (2011) generated a transgenic zebrafish line with a heat-shock-promoter-driven EGFP labeled single-chain monoclonal antibody, IK17, which can bind to MDA-LDL. In vivo imaging demonstrated that continuous expression of IK17-EGFP decreased HCD-induced lipid accumulation in the blood vessel wall, suggesting antioxidant antibodies may exert a therapeutic benefit. This model also provides an effective method for testing the therapeutic outcome of diets and other oxidation-specific antibodies, which may eventually be applied to human (Fang et al., 2011).

Recently, Thierer et al. (2019) developed a reporting system, LipoGlo, to monitor atherosclerotic lipoproteins sensitively and specifically. The system used a luciferase enzyme (NanoLuc) fused with ApoB to monitor the abundance, size and location of lipoprotein particles, which are decisive factors in AS (Thierer et al., 2019). The authors described the lipoprotein profiles of individual zebrafish larvae, collected images of atherosclerotic lipoprotein localization and reported multiple extravascular lipoprotein localization modes. Finally, through this system, Pla2g12b was determined to be an effective regulator of lipoprotein size (Thierer et al., 2019).



MECHANISTIC STUDY OF THERAPEUTIC INTERVENTION AND DRUG SCREENING

Studies have shown that apolipoprotein plays important roles in the prevention and treatment of AS (Peng and Li, 2018). The overexpression of apolipoprotein A-I binding protein (AIBP) mitigates diet-induced metabolic abnormalities, reducing diet-induced lipid accumulation in zebrafish blood vessels, and showing a protective effect from AS (Schneider et al., 2018). In addition, ezetimibe promotes the expression of apolipoprotein A-II through the HNF4 and PPARα transcription factor in the HCD model (Yan et al., 2019). However, ezetimibe did not inhibit vascular lipid accumulation or macrophage recruitment induced by HCD when apolipoprotein A-II was knocked out, implying that apolipoprotein A-II plays a pivotal role in reducing AS caused by HCD (Yan et al., 2019). The effects of several drugs, including atorvastatin, fenofibrate and ezetimibe, on the cholesterol levels in HCD-fed zebrafish model have been investigated (Chen et al., 2017). Intravascular cholesterol levels were significantly increased after HCD feeding and decreased after drug treatment. Atorvastatin exerted effects in a concentration-dependent manner, while only intermediate and highest concentration of fenofibrate and ezetimibe had effects in this model (Chen et al., 2017). Another study showed combination of low doses of ezetimibe and simvastatin may have an additive effect in reducing cholesterol levels in zebrafish (Baek et al., 2012).

Drug screening is important for the discovery of novel therapeutic interventions for AS (Foks and Bot, 2017). Recent studies have identified many substances, for examples, water extracts of cinnamon, turmeric, laurel, clove, grape skin, lophatherum herb, and acai berry puree, as well as the traditional Chinese medicine monomer chrysophanol, all of which show anti-atherosclerotic activity in zebrafish models (Jin and Cho, 2011; Jin et al., 2011; Kim et al., 2012). The latest research revealed that indole-3-methanol (I3C), a cruciferous vegetable extract, inhibits lipid deposition in hyperlipidemic zebrafish larvae by activating autophagy (Jiang et al., 2019). In addition, solid-state fermented polysaccharides from king oyster mushroom had an apparent positive influence on the inhibition of the Ox-LDL induced development of foam cells from mouse macrophages and exerted a lipid-reducing effect in the lipid absorption stage of a zebrafish hyperlipidemia model (Wei et al., 2018).



ASSESSMENT OF AS RISK FACTORS

AS is a progressive chronic inflammatory disease. It is not only affected by pathogenic factors, such as diabetes, chronic kidney disease, hypertension and hyperlipidemia, but is also related to other risk factors, such as genetics, age, gender, smoking, obesity, diet and nutritional status (Hughes et al., 2013; Herrington et al., 2016). As a focus of therapeutic intervention in the future, it is of great importance to assess the effects of environmental factors, trace elements, drugs and other risk factors on AS pathogenesis.


Environmental Factors

Environmental pollution is becoming more serious worldwide, and soil cadmium pollution is one such problem (Genchi et al., 2020). Cadmium absorbed by soil can be ingested by humans through the food chain (Jaishankar et al., 2014). As a heavy metal, cadmium is harmful to human health (Edwards and Prozialeck, 2009; Lin et al., 2016), but its specific effect on lipoproteins is unknown. Researchers fed zebrafish a HCD containing cadmium chloride, and discovered that exposure to cadmium influenced the function of high-density lipoprotein (HDL), which further resulted in hyperlipidemia, inflammation, fatty liver changes and increased CETP activity in HCD zebrafish (Kim et al., 2018).

According to WHO statistics, outdoor air pollution, such as fine particulate matter with a diameter ≤2.5 μm (PM2.5), causes approximately 3.7 million deaths every year. Long-term exposure to high concentrations of PM2.5 increases the risk of cardiovascular diseases and cancers (Kloog et al., 2013; Dabass et al., 2016; Turner et al., 2020). PM2.5 has been previously reported to cause disorders in zebrafish lipid metabolism (Kim et al., 2015). Duan et al. used transcriptomics to analyze the differential expression of mRNA and microRNA. The results revealed that PM2.5 upregulates let-7b, miR-153b-3p, miR-122 and miR-24, while downregulating let-7i, miR-19a-3p, miR-19b-3p and miR-7a, indicating that PM2.5 may activate autophagy, impair vasodilation, and cause cardiovascular-related diseases, such as hypertension, atherosclerosis, and myocardial infarction (Duan et al., 2017).



Trace Elements

Trace elements play indispensable roles in metabolism. Iron is involved in various physiological processes, such as red blood cell function, oxygen transport, DNA synthesis, protein synthesis, and cell replication. Iron deficiency can lead to anemia, neurodegenerative disease, developmental delay and behavioral disorders, while excessive iron may also adversely affect health (Tsay et al., 2010; Wang and Pantopoulos, 2011; Radlowski and Johnson, 2013). Lipoprotein and iron interact with each other in the form of ferrous or ferric ions in blood (Kim et al., 2017). LDL and HDL are easily oxidized and modified by ferrous ions to produce additional atherosclerosis-related proteins (Kim et al., 2017). Studies showed that after 24 weeks of iron consumption, both ND-fed and HCD-fed zebrafish displayed significant increases in serum cholesterol and triglyceride levels, which for the first time demonstrated the influence of iron consumption on lipid homeostasis in a zebrafish model (Kim et al., 2017). It was reported that inhibition of ferroptosis alleviated AS in ApoE–/– mice, through attenuating lipid peroxidation and endothelial dysfunction in aortic endothelial cell (Bai et al., 2020). However, there is no report on ferroptosis in zebrafish AS models yet.



Drugs

Quinolones and tetracyclines are β-diketone antibiotics that are widely used to treat infectious diseases in human and animals (Aminov, 2017). Wang et al. (2018) treated zebrafish with β-diketone antibiotics and discovered that upregulation of miR-125b and miR-144 led to dyslipidemia that caused increased cholesterol content, thereby elevating the risk of zebrafish developing hyperlipidemia and atherosclerosis.



Other Risk Factors

Artificial sweeteners have been widely consumed, but problems with their safety have not been fully addressed, nor have their effects on AS progression been delineated (Gardener and Elkind, 2019). Recently, researchers revealed that zebrafish fed HCD and aspartame exhibited acute swimming deficiency and brain inflammation. Furthermore, the serum lipid profile changed with increasing CETP levels in a zebrafish AS model fed saccharin (Kim et al., 2011).



PROSPECTS

AS is a complex and progressive disease for which the pathogenesis is not fully understood. Current clinical remedies for AS include statins, antithrombotic drugs and surgical interventions to alleviate the complications, but there are still no effective or specific drugs for AS treatment (Fukuda et al., 2015; Kobiyama and Ley, 2018). Zebrafish models may aid in understanding AS pathogenesis and the identification of novel therapeutic targets and approaches (Kobiyama and Ley, 2018). Current established zebrafish models for AS research are generally fed a short-term HCD and/or HFD, resulting in models corresponding to the early stage of AS. Furthermore, most studies utilize the optical transparency of embryonic and larval zebrafish for in vivo live imaging, which has neglected the use of adult fish model (Gut et al., 2017). Therefore, more attention should be paid in the future to generating models that can mimic middle and late stages of AS and building adult fish models, for example combination of HCD with other diets such as vitamin C-deficient diet which leads to robust oxidative stress and accelerated atherosclerotic process (Kirkwood et al., 2012), or generation of transgenic and knockout animals which render the plaques vulnerable to rupture. This will ensure the screening of new drugs or therapeutic targets in zebrafish more relevant for human AS patients.
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10-Gingerol Suppresses Osteoclastogenesis in RAW264.7 Cells and Zebrafish Osteoporotic Scales
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Osteoporosis is the most common aging-associated bone disease and is caused by hyperactivation of osteoclastic activity. We previously reported that the hexane extract of ginger rhizome [ginger hexane extract (GHE)] could suppress receptor activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclastogenesis in RAW264.7 cells. However, the anti-osteoclastic components in GHE have not yet been identified. In this study, we separated GHE into several fractions using silica gel column chromatography and evaluated their effects on osteoclastogenesis using a RAW264.7 cell osteoclast differentiation assay (in vitro) and the zebrafish scale model of osteoporosis (in vivo). We identified that the fractions containing 10-gingerol suppressed osteoclastogenesis in RAW264.7 cells detected by tartrate-resistant acid phosphatase (TRAP) staining. In zebrafish, GHE and 10-gingerol suppressed osteoclastogenesis in prednisolone-induced osteoporosis regenerated scales to promote normal regeneration. Gene expression analysis revealed that 10-gingerol suppressed osteoclast markers in RAW264.7 cells [osteoclast-associated immunoglobulin-like receptor, dendrocyte-expressed seven transmembrane protein, and matrix metallopeptidase-9 (Mmp9)] and zebrafish scales [osteoclast-specific cathepsin K (CTSK), mmp2, and mmp9]. Interestingly, nuclear factor of activated T-cells cytoplasmic 1, a master transcription regulator of osteoclast differentiation upstream of the osteoclastic activators, was downregulated in zebrafish scales but showed no alteration in RAW264.7 cells. In addition, 10-gingerol inhibited CTSK activity under cell-free conditions. This is the first study, to our knowledge, that has found that 10-gingerol in GHE could suppress osteoclastic activity in both in vitro and in vivo conditions.
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INTRODUCTION

Osteoporosis is a progressive metabolic disease in which the bone structure deteriorates due to a decrease in bone density associated with aging and lifestyle factors. Fractures are a typical symptom, with a higher prevalence in women than men and an estimated 200 million patients affected worldwide (Svedbom et al., 2013). Bone homeostasis is maintained through a balance between osteoclast bone resorption and formation. The imbalance of bone resorption and formation caused by malnutrition, lack of exercise, and reductions in estrogen and testosterone leads to decreased bone density and osteoporosis (Karsenty and Wagner, 2002; Boyle et al., 2003; Suzuki and Yoshida, 2010).

The pharmacological treatment of osteoporosis is to inhibit osteoclast activities or decrease the number of osteoclasts present to promote bone formation. Bisphosphonates, a class of chemicals that are most commonly used to treat osteoporosis, are adsorbed onto bone surfaces and taken up by osteoclasts to induce apoptosis and promote bone formation (Drake et al., 2008; Rogers et al., 2011). In addition, bisphosphonates directly inhibited receptor activator of nuclear factor kappa-B ligand (RANKL)-stimulated osteoclast differentiation and fusion in RAW264.7 cells (Abe et al., 2012). While bisphosphonates are generally well-tolerated drugs clinically, several adverse effects, such as gastroesophageal irritation and osteonecrosis of the jaw, have been reported (Kennel and Drake, 2009). Instead, natural products containing essential nutrients for bone metabolisms, such as calcium (Heaney, 2006), vitamin D3 (Ooms et al., 1995), vitamin K (Palacios, 2006), and other bioactive compounds, are expected to prevent osteoporosis in elderly people with few side effects compared to conventional drugs (Shen et al., 2009; An et al., 2016; Ohyama et al., 2018; Wang et al., 2018). For example, soybean isoflavone acts as a female hormone analog in maintaining bone metabolism in postmenopausal women (Wei et al., 2012), and citrus β-cryptoxanthin promote bone formation and suppresses osteoclastogenesis in tissue cultures (Yamaguchi and Uchiyama, 2004).

Ginger, the rhizome of the plant Zingiber officinale, is used throughout the world as a common cooking spice. It has also been used as a natural medicine with several health-promoting properties being identified, including gastrointestinal regulation (Yamahara et al., 1990) and anti-emetic and anti-inflammatory functions (Dugasani et al., 2010). We previously reported that a hexane extract prepared from ginger [ginger hexane extract (GHE)] suppressed osteoclastogenesis in RANKL-induced RAW264.7 cells (Ito et al., 2016). However, because GHE is composed of many components, we were unable to identify the compounds inhibiting osteoclastogenesis.

Zebrafish are attractive animal models for developmental biology and human disease studies because of their numerous advantageous features (Dooley and Zon, 2000; Meunier, 2012). Recently, the zebrafish scale model system has emerged as a model for bone research (Pasqualetti et al., 2012). The body surface of zebrafish is covered with dermal skeleton elasmoid scales, which have a similar structure and function to the mammalian lamellar bone (Sire et al., 1997). Both osteoblasts and osteoclasts have been detected in adult zebrafish scales, and their interaction regulates bone formation and remodeling similar to those observed in human bones (Bergen et al., 2019; Kobayashi-Sun et al., 2020). Zebrafish scales are easy to harvest, and new scales can be regenerated within a few days, providing a powerful tool to observe the mechanisms of bone remodeling (de Vrieze et al., 2011). An osteoporosis model zebrafish has been reported to show osteoporosis-like phenotypes in regenerating zebrafish scales undergoing prednisolone treatment (de Vrieze et al., 2014). In addition, Pasqualetti et al. (2015) reported that treatment with the bisphosphonate alendronate (AL) rescued the osteoporotic phenotype induced by prednisolone using adult zebrafish scales, which further underlined the utility of using zebrafish scales as a model for anti-osteoporotic drug discovery.

In this study, we searched for active constituents in GHE that suppress osteoclastogenesis using RAW264.7 cells and zebrafish scales. As a result, we discovered 10-gingerol as a new compound that inhibits osteoclastogenesis.



MATERIALS AND METHODS


Ethics Statement

All animal procedures were performed according to the Japanese Animal Welfare Regulatory Practice Act on Welfare and Management of Animals (Ministry of Environment of Japan), in compliance with international guidelines.



Sample Preparation

Ginger hexane extract was prepared from the residue after squeezing the juice from the raw ginger rhizome, as previously reported (Ito et al., 2016). In brief, n-hexane was added to the residue, and extraction was carried out below 10°C. After filtration, GHE was obtained by removing the n-hexane under reduced pressure. The yield ratio of GHE from the raw ginger was approximately 0.1–0.5%.

For administration to zebrafish, emulsions of GHE and 10-gingerol (Chem Faces, Wuhan, China) were prepared using lecithin (PC70; Tsuji Oil Mills, Mie, Japan) according to our previous study (Kagotani et al., 2020) with slight modifications. The epithet PC70 indicates that phosphatidylcholine accounts for more than 70% of the total lecithin. Then, 5% (w/w) of PC70 (equal to 50 mg/mL) was dissolved in 70% glycerol at 60°C. A further 1% (w/w) GHE (equal to 10 mg/mL) or 0.1% (w/w) 10-gingerol (equal to 1 mg/mL) was added to the mixture, which was then completely dissolved at 60°C. Preliminary emulsification of the mixture was performed at 60°C for 5 min using a disperser (Polytron Homogenizer PT2100, Central Scientific Commerce, Tokyo, Japan). The emulsion was then treated twice at 100 MPa using an NM2-L200 emulsifying machine (Yoshida Kikai, Aichi, Japan). The resulting emulsions used in this study contained 5% PC70 with 1% GHE or 0.1% 10-gingerol.


Silica Gel Chromatography

Each GHE fraction was obtained using a silica gel column with an elution solvent. Briefly, 35 g of Wakogel C-300 (Fujifilm Wako Pure Chemicals, Osaka, Japan) was packed in a Φ20 × 300 mm glass column (HARIO Science, Tokyo, Japan) with n-hexane, and 2 g of GHE was applied to the top of the silica gel layer. GHE was sequentially treated with hexane, acetone, and ethanol and collected as a fraction containing the eluted components at a volume of 30–200 mL. Subsequently, preliminary thin-layer chromatography (TLC) analysis was performed to confirm the components contained in each fraction, and fractionation was performed to finally obtain 10 fractions. Afterward, each fraction was removed with elution solvent using an evaporator, and the yield of the fraction was determined.



High-Performance Liquid Chromatography Analysis

Analysis of the compounds of GHE fractions was conducted via high-performance liquid chromatography (HPLC) on an HPLC analysis system (Hitachi, Tokyo, Japan) under the following conditions: C18 column (Φ4.6 × 250 mm; Fujifilm Wako Pure Chemicals); Ultraviolet (UV) detector at 228 nm; column temperature of 40°C; mobile phase of A = H2O and B = CH3CN; gradient: 0–20 min, 30–90% B; 20–45 min 90% B; and flow rate 0.6 mL/min. 6-gingerol, 6-shogaol, 8-gingerol, 10-gingerol (Chem Faces, Wuhan, China), neral, geranial (Fujifilm Wako Pure Chemicals), phellandrene (Tokyo Chemical Industry, Tokyo, Japan), and farnecene (Sigma-Aldrich, MO, United States) were purchased as standard, respectively.



Liquid Chromatography-Mass Spectrometry (LC/MS) Analysis

Identification was carried out on an LCMS-2010 EV (Shimadzu, Kyoto, Japan) equipped with a binary pump (LC-20AD), column oven (CTO-20A), photo-diode array detector (PDA SPD-10A-VP), and TSKgel ODS-100V (2 mm i.d. × 75 mm, 3 μm) (Tosoh Corporation, Japan). Mobile phase A was water and mobile phase B was methanol. The gradient elution was used. At 0–10 min = 10–100% B at a flow rate of 0.2 mL/min. The column temperature was maintained at 40°C. The mass spectrometric analysis was performed in the positive and negative ion mode under the conditions as follows: flow rate of the nebulizer gas (nitrogen) of 1.5 mL/min; CDL (curved desolvation line) temperature of 250°C; block heater temperature of 200°C; detector voltage of 1.5 kV; and mass scanning range of m/z 50–1000.



TLC Analysis

The samples (each 2.5 μL), (1) 1.5% disodium prednisolone 21-phosphate/75% ethanol, (2) 2% 10-gingerol/ethanol, and (3) mixture solution of (1) and (2) (1:1 [v/v]) were spotted onto a TLC plate (5 cm × 10 cm; TLC Silica gel 60; Merck KGaA, Germany), and the TLC plate was developed with n-hexane:diethyl ether = 2:3 (v/v). The spots on the TLC plate were detected using UV light and then visualized as dehydrated carbide by spraying 2% Ce(SO4)2/2N H2SO4 (Fujifilm Wako Pure Chemicals, Osaka, Japan) and heating in an oven.


Cell Culture, Sample Treatments, and Osteoclast Differentiation

RAW264.7 cells (The European Collection of Authenticated Cell Cultures, Wiltshire, United Kingdom) were seeded (3 × 103 cells/cm2) and cultured for 24 h in α-minimum essential medium (Nacalai Tesque, Tokyo, Japan) supplemented with 10% fetal bovine serum (Biowest SAS, Nuaille, France) and 1% penicillin-streptomycin (Fujifilm Wako Pure Chemicals) at 37°C in a humidified 5% CO2 atmosphere. Then, the cells were treated with GHE, each GHE fraction, or 10-gingerol. After 24 h, defined as day 0, the medium was changed to osteoclast differentiation medium containing 100 ng/mL of soluble receptor activator of NF-κB ligand (sRANKL; Oriental Yeast, Tokyo, Japan) with the test compounds. The medium was replaced with fresh medium every 2 days until day 6.



Zebrafish Experiment

Zebrafish AB strain (The Zebrafish International Resource Centre, Eugene, OR, United States) was maintained at 28°C with a standard light/dark cycle of 14/10 h in our facility according to standard operational guidelines (Westerfield, 2007). The fish were fed GEMMA Micro 75, 150, and 300 (Skretting, Fontaine-lès-Vervins, France) based on their developmental stage and length. Prednisolone and AL, purchased from Fujifilm Wako Pure Chemicals, were dissolved with water to create a 100- and 50-mM stock solution, respectively (Pasqualetti et al., 2015). Adult male zebrafish (4–6-month-old) of similar body weights and lengths were used in this study. On day 0, the fish were anesthetized in 0.05% 2-phenoxyethanol (Fujifilm Wako Pure Chemicals), and the scales on the left side of the fish (from the caudal fin to the middle of the trunk) were removed and discarded. Fish were recovered in distilled water containing 1 μg/mL of kanamycin (Fujifilm Wako Pure Chemicals) for 2 h. Scale-removed zebrafish were randomly assigned to five groups with five fish per 2 L tank. Prednisolone (PN: 25 μM), AL (10 μg/mL), 10-gingerol (0.1 μg/mL), and GHE (10 μg/mL) were administrated through the direct immersion of fish into 1.5 L of distilled water. We also administered PC70-lecithin (vehicle for 10-gingerol and GHE) to have the same amount of vehicle concentration in all experimental groups. One-third of the water for the fish was changed daily. The fish were starved during treatment to accelerate the induction of osteoporosis induction (Park et al., 2016). On day 8, the regenerated scales were harvested from each individual under anaesthetization within the area where the scales were removed on day 0.


Tartrate-Resistant Acid Phosphatase Staining

For RAW264.7 cells, the differentiated cells (day 6) were fixed with 4% formaldehyde solution in phosphate buffered saline (4% PFA; Pharma, Tokyo, Japan) for 10 min at room temperature, washed with purified water, and stained with tartrate-resistant acid phosphatase (TRAP) staining solution (Cosmo Bio, Tokyo, Japan), according to the manufacturer’s protocol. The stained cells were imaged using a microscope (CKX41; Olympus, Tokyo, Japan) with an attached camera (DP21; Olympus) or a BZX-710 fluorescent microscope (Keyence, Tokyo, Japan). Analysis of the suppression of osteoclastogenesis was carried out by counting the number of multinucleated cells or a quantification method using ImageJ (Fiji distribution, version 1.52p, National Institute of Health, Bethesda, MD, United States). Mature osteoclasts were defined as having nuclei of more than 11 per cell (Ito et al., 2016; Zarei et al., 2016).

For zebrafish, the harvested scales were fixed in 4% [PFA PFA (Pharma)] for 1 day at 4°C. The scales were subsequently stained with TRAP staining solution (TRAP/ALP Stain Kit; Fujifilm Wako Pure Chemicals) according to the manufacturer’s protocol. The TRAP-positive intensities of the stained scales were quantified using ImageJ software. To avoid the effect of the different sizes of each scale, all values were normalized to the scales’ area (de Vrieze et al., 2014).



Pit Formation Assay

Pit assay to measure bone resorptive activity was conducted using Bone Resorption Assay Kit 24 (Cosmo Bio, Tokyo, Japan) according to the manufacturer’s protocol. RAW264.7 cells were seeded in fluoresceinamine-labeled chondroitin sulfate (FACS) and calcium phosphate-coated 24-well plates (1 × 104 cells/well) containing phenol red-free α-minimum essential medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. One day after seeding, the cells were treated with or without 10-gingerol. On day 2, osteoclastogenesis was induced by adding sRANKL (100 ng/mL) as described above. The medium was refreshed every 2 days. Six days after sRANKL treatment, 100 μL of the medium and 50 μL of the resorption assay buffer were transferred into the wells of a 96-well plate and the released FACS was quantified using a Victor2 multilabel plate reader (485/535 nm; PerkinElmer, Boston, MA, United States). After washing the cells with 5% sodium hypochlorite, the resorbed areas on the plate were visualized using a BZX-710 fluorescence microscope (Keyence).


Bone Matrix Vital Staining

Bone matrix formation at the scales was evaluated by exposing the live fish to successive pulses of vital dyes, as previously described with a minor modification (Pasqualetti et al., 2015). Briefly, zebrafish were treated with PN, 10-gingerol, GHE, and AL, as previously described. On day 6, the fish were vitally stained with 0.005% Alizarin red S (pH adjusted to 7.0–7.5; PG Research, Tokyo, Japan) overnight in the dark. The next morning, fish were rinsed thrice for 10 min in the system water. A second pulse was performed on the evening of day 7 using a 0.005% calcein solution (pH adjusted to 7.0–7.5; Dojindo Laboratories, Kumamoto, Japan) overnight in the dark. At the end of the treatment, after repeated washes with system water, the regenerated scales were removed and fixed with 4% PFA overnight at 4°C. Fluorescence images were observed and taken using a BZ-X710 fluorescence microscope (Keyence, Tokyo, Japan).



Quantitative Reverse Transcription PCR (qPCR)

For RAW264.7 cells, total RNA was extracted using RNeasy mini (Qiagen, Hilden, Germany). For zebrafish, the harvested scales from each individual were gathered and homogenized in 1 mL TRIzol Reagent (Invitrogen, Carlsbad, CA, United States). Total RNA was isolated using TRIzol reagent combined with the RNA cleanup protocol using RNeasy Mini-prep Kit (Qiagen) (Zang et al., 2014). cDNA synthesis from 500 ng (RAW264.7 cells) or 200 ng (zebrafish scales) total RNA was performed using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan).

qPCR was performed in cDNA samples using a Power SYBR Green MasterMix (Applied Biosystems, Foster City, CA, United States) and the ABI StepOne Plus Real-Time PCR System (Applied Biosystems). Each qPCR analysis was performed in triplicate on three or four independent biological samples. The sequences of the primers used in this study are shown in Supplementary Table 1. For zebrafish, three housekeeping genes actin beta 1 (actb1), glyceraldehyde-3-phosphate dehydrogenase (gapdh), and 18S ribosomal RNA, were validated, and actb1 was found to be the most stable and was, thus, selected as the internal standard to determine the relative values of target mRNA expression. The relative mRNA expression levels in RAW264.7 cells were determined using endogenous standards of mouse Gapdh.



Fluorescent Immunohistochemistry

RAW264.7 cells were cultured in an eight-well slide and chamber (Watson, Tokyo, Japan) and osteoclast differentiation was induced as described above, with or without 10-gingerol (2.5 μM). On day 3 after the commencement of differentiation, the cells were fixed with 4% [PFA PFA (Pharma)]. Fluorescent immunohistochemistry (FIHC) was carried out as described elsewhere. Antibodies against the nuclear factor of activated T-cells cytoplasmic 1 (NFATc1; Santa Cruz Biotechnology, Santa Cruz, CA, United States) and Tumor necrosis factor (TNF) receptor-associated factor 6 (Traf6; Santa Cruz Biotechnology) were used at 1:100, and a secondary antibody against mouse IgG (Alexa Fluor 594 conjugated; Cell Signaling Technology, Danvers, MA, Unites States) was used at 1:1000. ProLong Gold Antifade Reagent with 4′,6-diamidino-2-phenylindole DAPI (Thermo Fisher Scientific, Waltham, MA, United States) was used for nuclear staining. The fluorescent images were captured using a BZX-710 fluorescent microscope (Keyence).



Cathepsin K Inhibition Assay

The activity of 10-gingerol and GHE on Cathepsin K (CTSK) inhibition was evaluated using the CTSK Inhibitor Screening Kit (Fluorometric) (BioVision, Mountain View, CA, United States) according to the manufacturer’s protocol. Briefly, stock solutions of 10-gingerol (10 mM) and GHE (10 mg/mL) were diluted ten times with the reaction buffer. Next, 10 μL of the diluted compounds was added to 50 μL of the reaction buffer containing 50 ng of human CTSK enzyme and pre-incubated for 10 min. Finally, 40 μL of the reaction buffer containing 2 μL CTSK substrate (Ac-LR-AFC; 10 mM) was added to monitor the AFC fluorescence cleaved by CTSK. Fluorescence was measured using a Wallac ARVOTM SX 1420 Multilabel Counter (Perkin Elmer, Waltham, MA, United States) at an excitation wavelength of 405 nm with emission monitored at 535 nm. As an inhibitor control, FF-FMK (10 μM; BioVision) was used according to the manufacturer’s protocol. The relative inhibition rate of each sample was then calculated. Each compound was subjected to triplicate measurements.



Statistics

The data were analyzed statistically using Student’s t-test or one-way analysis of variance with the Bonferroni-Dunn multiple comparison procedure, depending on the number of comparisons to be performed, using GraphPad Prism version 8 (GraphPad Software, San Diego, CA, United States). A p-value of less than 0.05 denoted the presence of a statistically significant difference between treatments.



RESULTS


Ginger Hexane Extract Fractions Containing Gingerols Suppress Osteoclastogenesis

The overall strategy to identify anti-osteoclastic compounds in GHE is represented in Figure 1A. To identify the responsible compounds in GHE, we first prepared its fractions separated by silica-gel column chromatography and performed the RAW264.7 osteoclast differentiation assay. The elution solvent and yield of each obtained fraction are described in Table 1. As shown in Figure 1B, fractions F, G, and H strongly suppressed the numbers of multinucleated mature osteoclasts (p < 0.01) compared to the control, similar to GHE (p < 0.01). TRAP staining can be used to detect osteoclasts as TRAP is a well-known marker of osteoclast resorption in bone metabolism. Representative images of TRAP-stained RAW264.7 cells with GHE or each fraction are depicted in Supplementary Figure 1. HPLC analysis identified some similar peaks (P1–P3) shown in the dotted box in fractions F, G, and H (Figure 1C). The retention times of P1, P2, and P3 were 10.25, 13.78, and 17.65 min, respectively.


[image: image]

FIGURE 1. Ginger hexane extract (GHE) fractions containing gingerols suppress osteoclastogenesis in RAW264.7 cells. (A) Experimental design to identify anti-osteoclastic constituents in GHE. (B) The number of TRAP-positive multinucleated osteoclasts containing more than 11 nuclei. n = 3, error bars indicate SE; p values are calculated compared to control. The representative TRAP stained images for each fraction are shown in Supplementary Figure 1. (C) Chromatograms of HPLC analysis of GHE and Fractions F, G, and H. The peaks were detected at UV 228 nm absorbance. The peak numbers 1, 2, 3, 4, 5, and 6 refer to 6-gingerol, neral, citral, 6-shogaol, phellandrene, and farnesene, respectively. Identification of P1, P2, and P3 indicated by arrowheads was performed by LC/MS analysis.



TABLE 1. The amount of each GHE fraction separated from different elution solvents.
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Peaks corresponding to P1, P2, and P3 were confirmed by PDA chromatography, and information regarding these key ion peaks was obtained by LC/MS analysis. The main ion peaks of P1, P2, and P3 were detected in positive ion mode at m/z 317, 345, and 373, and in negative ion mode at 293, 321, and 349, respectively. Finally, P1, P2, and P3 were determined to be identical to standard reagents of 6-gingerol (MW = 294), 8-gingerol (MW = 322), and 10-gingerol (MW = 350), respectively, as previously reported as ginger constituents (Tao et al., 2009). Fractions A-C (no inhibitory effect on osteoclastogenesis) contained hydrocarbon compounds (farnesene and phellandrene) and aldehyde compounds (neral and geranial).



10-Gingerol Suppresses Osteoclastogenesis in RAW264.7 Cells and Zebrafish Regenerated Scales

To identify which gingerol suppresses osteoclastogenesis, we performed the RAW264.7 osteoclast differentiation assay again. We treated the cells with each gingerol (final 2.5 μM) from day 1 (1 day before the start differentiation) and performed TRAP staining on day 6. As shown in Figures 2A,B, 10-gingerol significantly (p < 0.01) suppressed osteoclast differentiation (red color indicated TRAP-positive area) compared to vehicle (sRANKL alone). In addition to the RAW264.7 cells, we also performed an osteoclastogenesis assay using rat bone marrow-derived osteoclast precursors. As shown in Supplementary Figure 2,10-gingerol also reduced the number of osteoclasts in TRAP staining. As some gingerols have been reported to possess anticancer effects (Lee et al., 2008; Chen et al., 2009; Ryu and Chung, 2015), we performed a cell viability assay and did not detect a significant reduction of RAW264.7 cells in all gingerols at concentrations up to 10 μM (Supplementary Figure 3). To confirm the effect of 10-gingerol on bone resorption, we performed a pit formation assay on well plates coated with FACS and calcium phosphate (CaP). The FACS bound to CaP was released from the CaP layer into the medium by osteoclastic resorption. Thus, bone resorption activity is proportional to the fluorescence intensity of FACS in the medium. On day 6 of sRANKL treatment, 10-gingerol treatment reduced the size of osteoclast bone sorption pits (Figure 2C) and also reduced the release of CaP from the bottom of the well to the medium (Figure 2D).
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FIGURE 2. 10-gingerol suppresses osteoclastogenesis in RAW264.7 cells. (A) Representative images of sRANKL-treated RAW264.7 cells with 6-, 8-, or 10-gingerol. Each treatment was carried out at 2.5 μM. Red indicates the TRAP-stained area. The lower panels show the magnified images of sRANKL-treated RAW264.7 cells with or without gingerols. (B) Quantitative analysis of TRAP-positive multinucleated osteoclasts of (A). n = 8, error bars indicate SE; p values are calculated compared to vehicle with sRANKL. (C) Representative images for the pit formation assay with or without 10-gingerol. White indicates pits. (D) Bone resorption activities of panel (C) were quantified by the released FACS from the well bottom. n = 3, error bars indicate SE; ∗p < 0.05 vs. vehicle with sRANKL.


The zebrafish scale provides a powerful tool for bone research because of its high functional similarity with human bone and easy handling. The regenerated scales can be harvested within a week, and osteogenesis can be observed, including osteoblast differentiation, matrix deposition, and mineralization (Metz et al., 2012). In addition, one of the glucocorticoids, PN, has been demonstrated to enhance osteoclast activity and matrix resorption in regenerated zebrafish scales (de Vrieze et al., 2014). To investigate the in vivo efficacy of 10-gingerol, we conducted a zebrafish study that induced the osteoporosis-like phenotypes by prednisolone. The experimental design for the zebrafish study is presented in Supplementary Figure 4. After the removal of scales at day 0, five adult fish were exposed to 25 μM PN alone or combined with 0.1 μg/mL 10-gingerol, 10 μg/mL GHE, or 10 μg/mL bisphosphonate AL [as the positive control (Pasqualetti et al., 2015)]. To improve transdermal delivery (Ito et al., 2016), we prepared a lecithin-based emulsion of 10-gingerol or GHE because they are highly hydrophobic. On day 8, the regenerated scales of each group were harvested, and TRAP staining was performed to visualize osteoclasts. As shown in Figure 3A, the regenerated control scales exhibited mild TRAP activity (red color as osteoclast population) with a normal round shape, whereas the PN-treated scales had an irregular shape, resorbed edges, resorption pits, and considerably increased levels of osteoclasts present, as previously reported (de Vrieze et al., 2014). 10-gingerol or GHE treatment resulted in a normal shape, few resorption sites, and decreased osteoclasts compared to PN-treated scales, as well as AL treatment. Quantitative analysis for the TRAP signal revealed significant (p < 0.01) decreases in the TRAP-positive osteoclasts in the scales treated with 10-gingerol (0.22-fold), GHE (0.34-fold), and AL (0.36-fold) compared to the PN-treated group (Figure 3B). We further investigated bone matrix formation using Alizarin Red S and calcein vital staining. Alizarin Red S is a red fluorescent dye that stains bone calcified matrix, and calcein is a green fluorescent chromophore that specifically binds to calcium (Mariotti et al., 2015). PN markedly decreased the scale mineralized matrix staining with both vital bone dyes compared to the results of the control scale, while 10-gingerol, GHE, and AL-treated scales exhibited strong expression of the two bone dyes, which means that the treatments rescued the loss of the mineralized matrix (Figure 3C).
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FIGURE 3. 10-gingerol suppresses osteoclastogenesis in zebrafish osteoclastic scales. (A) Representative images for prednisolone (PN) treated regenerating zebrafish scales with 10-gingerol, GHE, or alendronate (AL; positive control). The lower panels show magnified images of the right lateral regions of the upper scales. Red color indicates the TRAP-positive area. The dark area in PN indicates the concentration of TRAP-positive cells. The black arrow indicates the resorbed edges, and white arrows show the resorption pits. For the experimental design of the zebrafish study, please see Supplementary Figure 2. (B) Quantitative analysis of (A). Integrative densities of the red areas were measured using ImageJ. n = 15–20, error bars indicate SE; ∗∗p < 0.01 vs. PN. (C) Scales after calcein and alizarin red S staining. The upper panels show calcein staining, Alizarin red staining, and merged images, respectively. Scale bar = 500 μm.


To evaluate the possibility of direct inhibition of 10-gingerol on PN activity, TLC analysis was performed. As shown in Supplementary Figure 5, the spots of PN and 10-gingerol were detected on the plate, and their Rf values were 0 and 0.38, respectively. No extra spots were detected in the PN and 10-gingerol mixture solution, indicating that 10-gingerol could not bind PN directly to inhibit PN activity.



10-Gingerol Decreased Osteoclast Differentiation Markers in vitro and in vivo

We performed qPCR analysis to validate the gene expression profiles related to osteoclastogenesis in RAW264.7 cells and zebrafish scales. In RAW264.7 cells, 10-gingerol significantly (p < 0.05) downregulated osteoclast differentiation markers, osteoclast-associated immunoglobulin-like receptor (Oscar), dendritic cell-specific transmembrane protein (Dc-stamp), TNF receptor-associated factor 6 (Traf6), Ctsk, matrix metalloproteinase-9 (Mmp9), and Trap mRNA expression (Figures 4A,B), similar to the GHE treatment (Ito et al., 2016). Meanwhile, mRNA levels of Nfatc1, an upstream promoter of osteoclast differentiation, were not reduced by 10-gingerol (Figure 4B). In addition, the expression levels of Traf6, which initiate RANK signaling in RAW264.7 cells upstream osteoclast differentiation, were not affected by 10-gingerol (Figure 4A).
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FIGURE 4. Gene expression analysis of RAW264.7 cells and zebrafish scales treated with 10-gingerol. (A,B) qPCR analysis of osteoclast marker genes in RAW264.7 cells with 10-gingerol. Oscar: Osteoclast-associated immunoglobulin-like receptor; Dc-stamp: Dendrocyte expressed seven transmembrane protein; Traf6: Tumor necrosis factor receptor-associated factor 6; Ctsk: Cathepsin k; Trap: Tartrate-resistant acid phosphatase; Mmp9: matrix metalloproteinases-9; Nfatc1: nuclear factor of activated T cells cytoplasmic 1. n = 3, error bars indicate SE; *p < 0.05, **p < 0.01. The data for GHE treatment were referred from our previous study (Ito et al., 2016). nd indicates no data. (C) qPCR analysis of osteoclast marker genes in osteoporotic zebrafish scales with 10-gingerol, GHE, or AL. ctsk: cathepsin k; mmp2: matrix metalloproteinases-2. *p < 0.05, **p < 0.01. n = 5, error bars indicate SE. (D) Fluorescent immunohistochemistry for Nfatc1 in RAW264.7 cells treated with sRANKL for 3 days. Red indicates NFATc1, and blue indicates nuclei (DAPI). (E) qPCR analysis of Nf-kb1 and Nf-kb2 in RAW264.7 cells with 10-gingerol. Nf-kb1: Nuclear factor kappa B subunit 1; Nf-kb2: Nuclear factor kappa B subunit 2. *p < 0.05. n = 5, error bars indicate SE. (F,G) qPCR analysis of nf-kb1, nf-kb2, (F) and rankl (G) in osteoporotic zebrafish scales (PN) with 10-gingerol, GHE, or AL. rankl: receptor activator of nuclear factor kappa B ligand. #p < 0.1, *p < 0.05 vs. PN group. n = 5, error bars indicate SE. (H) Cell-free CTSK inhibitor assay of 10-gingerol (100 μM) and GHE (100 μg/mL). FF-FMK (10 μM) was used as a positive control (98.3% inhibition to the negative control). **p < 0.01 vs. negative control. n = 3, error bars indicate SE.


In zebrafish scales, qPCR analysis revealed that the relative mRNA expression levels of key osteoclast differentiation markers ctsk and matrix metalloproteinases-2 (mmp2) were significantly (p < 0.05 and p < 0.01, respectively) downregulated upon 10-gingerol administration compared to those of the PN group. The expression of mmp9 and nafatc1 showed trends toward decreases in the 10-gingerol group compared to PN (Figure 4C; p = 0.1 and 0.06, respectively). These results demonstrate that 10-gingerol is a major bioactive constituent in GHE that suppresses osteoclast differentiation and ameliorates osteoporosis.

Although Nfatc1 expression was not downregulated by 10-gingerol in RAW264.7 cells (Figure 4B), osteoclast differentiation was inhibited. Thus, we performed NFATc1 FIHC in RAW264.7 cells and found that the nuclear translocation of NFATc1 was inhibited by 10-gingerol (Figure 4D). To elucidate the mechanisms underlying the inhibition of osteoclastogenesis, we performed gene expression analysis for nuclear factor kappa B (NF-kB) genes in RAW264.7 cells and zebrafish scales. As shown in Figure 4E, 10-gingerol did not affect Nf-kb1 and Nf-kb2 in RAW264.7 cells, whereas it downregulated nf-kb1 (p < 0.1 vs. PN group) and nf-kb2 (p < 0.05 vs. PN group) in zebrafish scales (Figure 4F). In addition, endogenous rankl mRNA expression showed a tendency (p < 0.2) to be downregulated by 10-gingerol in zebrafish scales (Figure 4G).



10-Gingerol Inhibited Cathepsin K Activity

Cathepsin K is primarily responsible for bone matrix degradation by osteoclasts and is currently the most attractive target for treating osteoporosis (Dai et al., 2020). Because 6-shogaol, a major constituent of ginger, also suppresses osteoclastogenesis by inhibiting CTSK activity (Villalvilla et al., 2014), we tested the CTSK inhibition ability of 10-gingerol and GHE under cell-free conditions. Compared with the negative control, 10-gingerol (100 μM) and GHE (100 μg/mL) reduced CTSK activity by 48.1 and 33.2%, respectively (Figure 4H).



DISCUSSION


Bioactive Components of Ginger Related to Bone Metabolism

In this study, we found for the first time, to our knowledge, that 10-gingerol has anti-osteoclastic activity in GHE. Of the many bioactive components in ginger, there have been few studies regarding 6-gingerol, one of the major pungent constituents in the raw rhizomes, and its relationship to bone metabolism and those that do exist have controversial conclusions. Hwang et al. (2018) reported that 6-gingerol inhibits osteoclast differentiation via downregulation of RANKL expression in osteoblasts. Moreover, 6-gingerol was also found to increase the gene expression of osteogenic markers, increased alkaline phosphatase activity, and enhance mineralized nodule formation in osteoblast-like MG-63 cells (Fan et al., 2015). On the contrary, Khan et al. (2012) reported that oral administration of 6-gingerol promoted osteoclastogenesis on the skeleton of adult female Balb/cByJ mice. In the present study, we did not detect osteoclastic activity of 6-gingerol. In addition to 6-gingerol, 6-shogaol, a dehydrated form of 6-gingerol produced by heating, has also been reported to affect bone metabolism (Yeh et al., 2019; Kim et al., 2020). 6-shogaol inhibits osteoclastogenesis and alveolar bone resorption with the inhibition of NFATc1 nuclear translocation (Kim et al., 2020), which is necessary to transactivate the osteoclastic genes. However, 6-shogaol was not detected in the anti-osteoclastic GHE fraction (F, G, and H), as we did not heat (dehydrate) the samples during GHE preparation. In addition, 8-gingerol, which has a similar structure to 10-gingerol, is reported to have anti-platelet aggregation, and spasmolytic and immunoregulatory activities (Lu et al., 2011), while there have been no studies regarding anti-osteoclastic activity.



Anti-Osteoclastic Mechanism of 10-Gingerol

Dugasani et al. (2010) reported that 10-gingerol has the highest anti-inflammatory and antioxidant activities compared to other gingerols. As several antioxidants inhibit osteoclastogenesis from promoting bone formation (Domazetovic et al., 2017), this assists in explaining our results.

In the differentiated RAW264.7 cells, 10-gingerol downregulated gene expression of Oscar, essential for the amplification of NFATc1 during osteoclastogenesis (Negishi-Koga and Takayanagi, 2009), Dc-stamp, a regulator of osteoclast cell fusion (Xing et al., 2012), and Mmp9 and Trap, involved in bone matrix breakdown (Sundaram et al., 2007). These results are similar to those observed in GHE in our previous study (Ito et al., 2016), except Nfatc1 expression. Although GHE downregulated Nfatc1 expression in RAW264.7 cells (Ito et al., 2016), 10-gingerol did not (Figure 4B). We performed NFATc1 FIHC in RAW264.7 cells and found that the nuclear translocation of Nfatc1 was inhibited by 10-gingerol, which subsequently suppresses osteoclastogenesis in in vitro conditions (Figure 4D). Because Oscar is located upstream of osteoclastogenesis signaling cascades (Negishi-Koga and Takayanagi, 2009), we supposed that the downregulation of Oscar by 10-gingerol would lead to inactivate Nfatc1 protein. Traf6, an upstream of Nfatc1 protein, was not inactivated by 10-gingerol, even though the expression of the mRNA was not affected.

In osteoporotic zebrafish scales, ctsk, a key osteoclast protease in bone matrix degradation, (Zenger et al., 2007) and mmp2/9, major players for extracellular matrix degradation during bone resorption (Tat et al., 2011; Gu et al., 2014), were downregulated by 10-gingerol administration (Figure 4C). Interestingly, nfatc1 was also downregulated by 10-gingerol, which is a different result from that of RAW264.7 cells. The reason for this gap should be elucidated through further study, though it sometimes occurs between in vitro and in vivo studies. Even with this gap in 10-gingerol’s inhibitory mechanisms in RAW264.7 cells and in zebrafish scales, the polarization step (osteoclastic precursor to multinuclear osteoclast) would be inhibited by 10-gingerol. In addition, the effects of 10-gingerol on the NF-kB pathway, an upstream pathway for Nfat1, were different between RAW264.7 cells and zebrafish scales. 10-gingerol downregulated nf-kb1 and nf-kb2 expression in zebrafish scales (Figure 4F), but not in RAW264.7 cells (Figure 4E). In addition, 10-gingerol downregulated rankl expression in zebrafish scales (Figure 4G), which was exogenous in RAW264.7 cells. Even with the differences between zebrafish and mammals, we concluded that multiple mechanisms of inhibition would exist in anti-osteoclast effect of 10-gingerol. Of course, it is necessary to perform further studies, including clinical trials.

Another possible mechanism underlying the anti-osteoclast effect of 10-gingerol is the CTSK inhibitory property. Villalvilla et al. (2014) demonstrated that osteoarthritis treatment using ginger, partially based on its constituent 6-shogaol, inhibits CTSK activity. CTSK is a lysosomal cysteine protease secreted by activated osteoclasts, which can degrade native collagen and dissolve the organic matrix (Costa et al., 2011). In recent years, CTSK inhibitors have been developed by pharmaceutical companies as potential anti-resorptive agents (Dai et al., 2020). The pharmacological effects of CTSK inhibitors on osteoporosis have been demonstrated in zebrafish, rodent models, and humans (Stoch and Wagner, 2008; Xue et al., 2019). In this study, the cell-free CTSK enzymatic assay revealed that 10-gingerol possessed CTSK inhibition ability (Figure 4H). In addition to downregulating CTSK transcript (Figures 4B,C), 10-gingerol strongly inhibited CTSK under in vivo and in vitro conditions. These findings are most likely involved in the improvement of bone resorption in the pit formation assay (Figure 2C) and osteoporotic zebrafish scales (Figure 3) through treatment with 10-gingerol. Taken together, 10-gingerol may be a novel anti-resorptive agent for osteoporosis treatment.

In the present study, we found that 10-gingerol in ginger suppressed osteoclastogenesis by improving osteoclastic symptoms in regenerated zebrafish scales. 10-gingerol should be further tested in rodent models of osteoporosis and in clinical trials because of the low toxicity derived from the natural product as a food ingredient.
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Calcification of various tissues is a significant health issue associated with aging, cancer and autoimmune diseases. There are both environmental and genetic factors behind this phenomenon and understanding them is essential for the development of efficient therapeutic approaches. Pseudoxanthoma elasticum (PXE) is a rare genetic disease, a prototype for calcification disorders, resulting from the dysfunction of ABCC6, a transport protein found in the membranes of cells. It is identified by excess calcification in a variety of tissues (e.g., eyes, skin, arteries) and currently it has no cure, known treatments target the symptoms only. Preclinical studies of PXE have been successful in mice, proving the usefulness of animal models for the study of the disease. Here, we present a new zebrafish (Danio rerio) model for PXE. By resolving some ambiguous assemblies in the zebrafish genome, we show that there are two functional and one non-functional paralogs for ABCC6 in zebrafish (abcc6a, abcc6b.1, and abcc6b.2, respectively). We created single and double mutants for the functional paralogs and characterized their calcification defects with a combination of techniques. Zebrafish deficient in abcc6a show defects in their vertebral calcification and also display ectopic calcification foci in their soft tissues. Our results also suggest that the impairment of abcc6b.1 does not affect this biological process.

Keywords: zebrafish, PXE model, ABCC6 gene, calcification, disease model


INTRODUCTION

Pseudoxanthoma elasticum (PXE) is a rare, autosomal recessive disorder (OMIM 264800) linked to mutations occurring in the ATP-Binding Cassette sub-family C member 6 (ABCC6) gene (Bergen et al., 2000; Le Saux et al., 2000; Ringpfeil et al., 2000). PXE patients show ectopic mineralization in their connective tissues, calcification in the eyes and arteries and often develop skin lesions (Li et al., 2009; Uitto et al., 2010).

The ABCC6 gene encodes a transmembrane efflux transporter which is expressed in the liver, kidneys, and to lesser extent is also present in blood cells (Scheffer et al., 2002; Beck et al., 2005). ABCC6 has three transmembrane domains (TMD0, TMD1, and TMD2) and two catalytic nucleotide binding domains (NBDs). TMD0 most likely has a regulatory role in the function of the transporter, whereas TMD1 and TMD2 are part of the core transporter. The NBD domains are similar to those of other ATP-binding cassette transporters (ABCs), where their role is to energize substrate transport via ATP hydrolysis. Both NBDs of ABCC6 contain highly conserved Walker A and B motifs and also a unique signature motif, both essential for their activity (Walker et al., 1982; Geourjon et al., 2001).

While the substrate of ABCC6 has not yet been confirmed, multiple lines of evidence support that it has a primary role in mammals in facilitating ATP-release from hepatocytes. ATP (and other nucleotides) is promptly cleaved in the liver vasculature to AMP and pyrophosphate by the ectonuclease Ectonucleotide Pyrophosphatase/Phosphodiesterase 1 (ENPP1) (Jansen et al., 2014). Pyrophosphate has an essential role in controlling ectopic mineralization. Also supportive of ABCC6’s role in preventing calcification is that in some cases ABCC6 mutations result in a more severe set of clinical symptoms known as generalized arterial calcification of infancy 2 (GACI2, OMIM 614473) (Nitschke et al., 2012). GACI2 is phenotypically highly similar to GACI1 (OMIM 208000) which is caused by mutations in the ENPP1 gene (Rutsch et al., 2003) and both result in extensive ectopic vascular calcification, often fatal neonatally. Animal models have confirmed an essential role of both ABCC6 and ENPP1 in the regulation of biomineralization, through the ATP – PPi pathway (Dedinszki et al., 2017; Borst et al., 2019).

Development of the Abcc6–/– mouse models (Gorgels et al., 2005; Klement et al., 2005) resulted in fundamental discoveries related to the pathomechanism of PXE. In addition a number of attempts have been made to find or create suitable zebrafish models (Li et al., 2010; Mackay et al., 2015; Van Gils et al., 2018; Sun et al., 2021). Thanks to recent methodological developments and a number of advantageous features, the popularity of zebrafish as a pre-clinical disease model has been increasing over the past two decades (Lieschke and Currie, 2007; Varga et al., 2018). Its small size and fecundity also makes it an ideal organism to perform screens of small molecular compounds, which can facilitate drug discovery (Peterson et al., 2004; Zon and Peterson, 2005; Baraban et al., 2013). Furthermore, recent advances in micro-computer tomography (micro-CT) have made in-depth phenomic analysis of the zebrafish skeletal system possible (Grimes et al., 2016; Charles et al., 2017; Hur et al., 2017). All these features make zebrafish an ideally suited organism to model diseases that cause ectopic mineralization, such as PXE and test for possible cures.

The zebrafish genome contains two functional ABCC6 paralogs (see below), Abcc6a (65% similar and 48% identical to ABCC6) and Abcc6b.1 (63% similar and 47% identical to its human counterpart). The presence of the two paralogs could be due to a teleost-specific whole genome duplication event (TGD) that occurred approximately 320 million years ago (Mya). The TGD was followed by a rapid reshaping of the genome and differential gene loss (Glasauer and Neuhauss, 2014; Inoue et al., 2015). This historical sequence of events could explain why ∼20% of human genes have two paralogs in the zebrafish genome. These paralogs can undergo subfunctionalization, neofunctionalization or dosage selection (Glasauer and Neuhauss, 2014), something that needs to be clarified when studying such paralogous gene pairs.

Over the years a number of different models for PXE and GACI have been developed and/or identified in zebrafish. First anti-sense morpholino oligonucleotides have been used to knock down the function of endogenous abcc6a and abcc6b, and human ABCC6 mRNA variants were injected to test their rescuing effect (Li et al., 2010). Later spontaneous loss-of-function mutations have been identified both in abcc6a (gräte, grt) and enpp1 (dragonfish, dgf), and the ectopic mineralization both in grt and dgf homozygous mutants has been extensively characterized (Apschner et al., 2014; Mackay et al., 2015). The latter two studies are also notable as they have used the mutants to screen for potential rescuing effects of vitamin K and the pyrophosphate analog etidronate, respectively. Finally, CRISPR/Cas9 and TALEN induced abcc6a mutant alleles have been also characterized more recently (Van Gils et al., 2018; Sun et al., 2021).

However, all these earlier zebrafish approaches have their limitations. Multiple lines of evidence support that morpholino approaches are prone to off-target effects (Schulte-Merker and Stainier, 2014; Kok et al., 2015; Stainier et al., 2017), and due to their high homology, it remained as an open question if the compensating effect of the abcc6b for abcc6a loss-of-function mutations modified the phenotype (to some extent). Therefore we decided to create mutants where the function of all ABCC6 paralogs have been abrogated.



RESULTS


Evolutionary Origins of Zebrafish ABCC6 Paralogs

In the current version of the zebrafish genome assembly (build GRCz11) multiple potential ABCC6 orthologs are annotated: abcc6a on chromosome 6, and abcc6b.1 and abcc6b.2 on chromosome 3 (Figures 1A–C). In order to create a novel (and potentially more revealing) zebrafish model of PXE we decided to examine if all three genes are functional and create a mutant line where every functional paralog is disabled.
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FIGURE 1. Annotation and phylogenetic relationships of the zebrafish ABCC6 orthologs. (A) Chromosomal positions of zebrafish ABCC6 orthologs. (B,B’) Ensembl (GRCz11) assembly of the respective chromosomal 3 regions with abcc6b.1 and abcc6b.2p and reassembly of this genomic region using PacBio reads. Note the abundance of repeats in the interval between abcc6b.1 and abcc6b.2p coinciding with the highly fragmented Ensembl assembly. (C) Ensembl (GRCz11) assembly of the abcc6a containing chromosomal six region. (D) Phylogenetic analysis of zebrafish ABCC1, ABCC3, ABCC6, and ABCC10 paralogs. (E,E’) Syntenic analysis of the abcc6 genomic region in different teleost species using the spotted gar genome as reference (see text for details).


Whereas previous studies have already demonstrated that abcc6a is functional and it’s loss-of-function can lead to adverse effects in skeletal development (Mackay et al., 2015; Van Gils et al., 2018) the functionality of only one of the potential abcc6b paralogs has been previously addressed and only during early development by morpholino knock-down experiments (Li et al., 2010). These two putative paralogs can be found in a repeat-rich area of chromosome 6 and previous attempts to determine whether they are functional orthologs have been hampered by the poor quality of the genome assembly in this region (Figure 1B). The fusion of multiple short contigs in this region even raised the possibility that instead of two paralogs only one is present on chromosome 6.

First we re-assembled the relevant chromosomal interval using PacBio long reads from genomic DNA of an adult “double heterozygous” heat-shock diploid zebrafish generated from the NHGRI-1 line (LaFave et al., 2014). Our results show that indeed two ABCC6 paralogs, separated by a ∼10 kilobase long repetitive region can be identified on the reverse strand of chromosome 6 (Figure 1B’). However, as the assembled open reading frame (ORF) sequences show, of the two paralogs only abcc6b.1 is functional, whereas the other copy is a pseudogene, hereafter called abcc6b.2p.

Phylogenetic analysis suggests that abcc6b.1 and abcc6b.2p are the result of a recent segmental gene duplication whereas their ancestral gene and abcc6a arose earlier as duplicates of the original, single vertebrate ABCC6 ortholog (Figure 1D; Parreira et al., 2018).

To reconstruct the evolution of the genomic loci on chromosomes 3 and 6 that contain abcc6a and abcc6b.1, respectively, we used the online Genomicus database (Louis et al., 2013). We used spotted gar (Lepisosteus oculatus) as reference as previous analyses showed that this species is a suitable outgroup to study the origin and evolution of ABCC6 in vertebrates (Parreira et al., 2018).

The spotted gar lineage diverged from the teleosts prior to TGD (Braasch et al., 2016). Yet, our analysis shows that most extant teleost genomes contain only one genomic region syntenic to the spotted gar LG13 containing the gar abcc6 (Figures 1E,E’). Both in the orange clownfish (Amphiprion percula) and threespine stickleback (Gasterosteus aculeatus) draft genomes (Nemo_v1 and BROAD S1, respectively) an additional potential paralog for the gene has been annotated to poorly assembled, non-syntenic telomeric genomic regions on Chromosome 16 and Group XX, respectively (Jones et al., 2012; Lehmann et al., 2019). While these might be the result of independent gene duplication events, they might also be artifacts.

Interestingly, even Salmonids such as the rainbow trout (Oncorhynchus mykiss), where the lineage underwent a fourth round of genome duplication (Berthelot et al., 2014) contain only two syntenic regions, suggesting that shortly after the TGD one half-genome containing the abcc6 locus was lost in the teleost ancestor.

Of note, on zebrafish chromosome 6 only genes that are upstream of the gar abbc6 can be identified in syntenic positions near abcc6a, whereas on chromosome 3 in the vicinity of abcc6b.1 and abcc6b.2p only the orthologs of genes downstream of the gar abcc6 can be found (Figures 1E,E’). A similar pattern can be observed in the related channel catfish (Ictalurus punctatus) as well and such an arrangement could be parsimonious with a segmental duplication of abcc6 occurring in the ancestral zebrafish lineage followed by a chromosomal translocation breaking the cluster between the two paralogs.

However, we also noted the presence of two syntenic clusters in the Atlantic herring (Clupea harengus) genome. As there are no signs for an additional genome duplication event in this lineage (Pettersson et al., 2019), the presence of the two clusters might suggest either a lineage-specific chromosomal duplication event, or an independent evolution after the TGD of the Otocephala and Euteleostei clades (see Discussion for details).

In summary our analysis suggests that currently available genomic data is ambiguous about the origin of zebrafish ABCC6 paralogs. They could have arose independently of the TGD, as the result of repeated segmental duplications, but there could have been also differential gene-loss in different ancestral Teleost lineages post-TGD, with the ancestors of zebrafish initially maintaining two syntenic abcc6 clusters which underwent later asymmetric, complementary deletions.



No Compensation Between Abcc6a and Abcc6b.1

In order to study the effects of complete impairment of Abcc6 function on zebrafish development we decided to create double mutants for the functional paralogs. Using CRISPR/Cas9-mediated genome editing we created frameshift alleles for both genes. In abcc6a we successfully targeted the second exon creating a 5 bp deletion c.175_179delGCCGA (elu15), that results in the p.Arg60Serfs∗183 mutation which disrupts the TMD0 and creates a premature termination codon (PTC). Successful editing of the fifth exon of abcc6b.1 resulted in the c.616_618delTGTinsCTAGCAC mutation (elu16), creating the frame-shift p.Cys205Leufs∗4 in the CDS, also resulting in a PTC right after the TMD0 (Supplementary Figure 1).

Recent experiments suggest that the presence of PTCs can induce an upregulation of existing paralogs. This phenomenon, called transcriptional adaptation, might be mediated by small RNAs that appear as a result of the non-sense mediated decay (NMD) triggered by the PTCs (Rossi et al., 2015; El-Brolosy and Stainier, 2017; El-Brolosy et al., 2019; Sztal and Stainier, 2020). In order to understand if the elu15 and elu16 alleles could trigger similar effects, we tested if NMD could be observed in the mutants, and if the other paralog was upregulated in them.

Our results did not show signs of NMD occurring in abcc6a embryos or larvae, nor a compensatory upregulation of abcc6a in abcc6b.1–/– animals (Supplementary Figure 1C). (Due to high sequence homology, we are not able to test accurately the expression of abcc6b.1 independently of abcc6b.2p, which is also expressed at these stages.)



Larval Phenotypes

Previous studies have already provided evidence about the ectopic mineralization defects observable in abcc6a mutant and morphant animals (Mackay et al., 2015; Van Gils et al., 2018). First, we tested if we could see similar effects in our abcc6aelu15/elu15 (hereafter called abcc6a–/–) larvae.

At 10 days post fertilization (dpf) the number of calcifying vertebrae was significantly different in abcc6–/– mutants stained with Alizarin Red compared to their siblings, and ectopic foci of calcification were also occasionally observed (Figures 2A–C). Ectopic calcification could also be confirmed by an independent, colorimetric method that relies on changes in Ca2+ concentration (Supplementary Figures 2C,D). We also tested this phenotype in the offspring of abcc6a–/– females, but MZabcc6a larvae did not show a more severe phenotype, suggesting that abcc6a has no maternal effects (Supplementary Figures 2A,B). Interestingly, we also observed a slight, but significant difference between genotypically wild-type and heterozygote embryos (Figure 2C), similarly to what has been observed in the case of the grt mutation (Mackay et al., 2015).
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FIGURE 2. Calcification in single and double mutants of zebrafish ABCC6 paralogs. (A,B) Alizarin Red stained 10 dpf abcc6a+/+ and abcc6a–/– larvae. Ectopic calcification loci in mutants are denoted with arrowhead. (C) Quantification of calcified vertebrae in the 10 dpf progeny of abcc6a+/– carriers, plotted by genotype. The results show a significant increase in the rate of calcification in the abcc6 mutants compared to their siblings (n = 65, significance levels calculated with Mann-Whitney test). (D) Quantification of calcified vertebrae in the 14 dpf progeny of abcc6b.1+/– carriers, plotted by genotype. Results suggests that impairment of abcc6b.1 does not affect the rate of vertebral calcification (n = 72, significance levels calculated with Mann-Whitney test). (E) Quantification of calcified vertebrae in the 14 dpf progeny of abcc6a+/–;abcc6b.1+/– carriers, plotted by genotype (n = 68).


In contrast, abcc6b.1elu16/elu16 (hereafter called abcc6b.1–/–) larvae did not display any differences in the number of calcified vertebrae at 14 dpf (Figure 2D). As the lack of phenotype could be due to putative compensatory effects of abcc6a, we created double carrier fish (abcc6a+/–; abcc6b.1+/–) and measured calcification in their progeny. The impaired function of abcc6a resulted in increased calcification in every genotype, but we could not identify any effect of abcc6b.1 on the number of calcified vertebrae at 14 dpf (Figure 2E). (Due to relatively modest sample sizes slight effects would not be apparent here, though.)

We conclude that unlike its paralog abcc6a, abcc6b.1 has modest to no effects on larval calcification.



Skeletal Defect in abcc6a Adult Fish

The effect of Abcc6a impairment on adult skeletogenesis has been described before, but never quantified in detail (Mackay et al., 2015; Van Gils et al., 2018). Also, while the function of Abcc6b.1 does not seem to be required during larval bone formation, it could have an important role during later stages of skeletal development. Therefore we decided to quantify in detail the skeletal development of our single and double mutants using micro-CT.

Scans of whole animals show a striking phenotype in individuals lacking Abcc6a, with a twisted vertebral column and excessive mineralization foci in the ventral side at the attachment points between the individual vertebrae (Figure 3A).
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FIGURE 3. Effects of Abcc6-impairment of skeletal development and life-span. (A) Micro-CT pictures of whole fish and partial vertebral column with indicated genotypes. Abcc6a mutants (regardless of the abcc6b.1 genotype) show easily observable, gross skeletal deformities. (B) A graphical explanation of the method used to calculate normalized MA/TA plots for each genotype. Briefly, MA/TA values calculated for vertebraes 2–6 were averaged to create the normalized plots. (C) Normalized plots of MA/TA values for the indicated genotypes. The results also indicate an increase in the mineralization of the vertebrae of abcc6a–/– fish, while mutations in abcc6b.1 do not seem to affect this process. (D) 3D reconstruction micro-CT images of vertebrae in fish with the indicated genotypes. (E) MV/TV measurements for different genotypes. These results also demonstrate the effect of Abcc6a deficiency of the mineralization of skeletal vertebrae. Abcc6b.1 does not appear to be involved in the same process. (Significance levels calculated with t-test, ns = not significant).


In order to quantify the effect of Abcc6a on mineralization and test if Abcc6b.1 can augment this process first, we measured the relative size of the mineralized area (MA) to the total area (TA) in different mutants. Using the MA/TA values for vertebrae no. 2–6 we created an average MA score for wild-type, single and double mutant adult fish (Figures 3B,C). Our analysis suggests that mutations in abcc6b.1 does not affect skeletal development, impairment of abcc6a caused malformed vertebrae with excessive mineralization (Figure 3C). (Pairwise t-tests indicate non-significant differences (p = 0.16) between wild-type and abcc6a+/+; −6b.1–/– fish, and significant differences (p < 2∗10–16) between these two genotypes and abcc6a–/–;−6b.1+/+ and abcc6a–/–;−6b.1–/–, respectively.)

We also calculated the relative mineralized volume (MV) of individual vertebrae in all examined genotypes and similarly to the quantification of MA, we found significant differences between abcc6a+/+ and abcc6a–/– genotypes, regardless of the abcc6b.1 genotype (Figure 3E).

In the absence of apparent skeletogenic phenotypes, we reasoned that abcc6b.1 might have undergone neofunctionalization and this new role is independent of regulation of mineralization. Even in this case, however, adverse effects arising from Abcc6b.1 impairment could affect the survival of the animals. To test this we decided to explore if abcc6b.1 lack-of function has an effect of the survival of the animals. In the progeny of abcc6b.1+/– parents abcc6b.1–/– animals were present at Mendelian ratios at 4 months post fertilization, with no apparent phenotype (not shown). Furthermore even in the progeny of double carriers, no significant effect of abcc6b.1 on survival could be identified within the observed time period (∼400 days) (Supplementary Figure 3).

Based on our observations we conclude that while Abcc6a is involved in the regulation of mineralization, akin to other vertebrate ABCC6 orthologs, Abcc6b.1 might have undergone neofunctionalization and has functions that are not apparent under homeostatic laboratory conditions.



Significant Mutations in Abcc6b.1

As Abcc6b.1 clearly has non-redundant functions with Abcc6a, we wondered if we could identify mutations that affect residues thought to be important for the transporter function of ABCC6. Using a multispecies comparison approach we were able to identify several residues that are conserved virtually in every other ABCC6/Abcc6a ortholog (including zebrafish Abcc6a) but are divergent in zebrafish and goldfish Abcc6b.1 and Abcc6b, respectively (Figure 4 and Supplementary Figure 4).
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FIGURE 4. Significant differences in between Abcc6b.1 and canonical ABCC6 sequences. (A) Homology model of ABCC6, with conserved residues that are changed in Abcc6b.1 highlighted. (B) Alignment of multiple ABCC6 orthologs with the P654Q change highlighted by the red box. (C) Alignment of multiple ABCC6 orthologs with the E1266G change highlighted by the red box. These alignments show that P654 and E1266 are almost universally conserved across vertebrates, suggesting that they are important for the function of ABCC6. (Alignments of residues highlighted in cyan in A are detailed in Supplementary Figure 4).


Based on in silico sequence-structure analysis, two of these mutations, P654Q (equivalent to P669Q in human ABCC6) and E1266G (equivalent to E1290G in human ABCC6) seem especially noteworthy, as they are positioned close to the Walker A motif of NBD1 and NBD2, respectively, and according to our structural analysis they might affect the enzymatic activities of these domains (Figure 4).



DISCUSSION

In order to create an accurate zebrafish PXE model strain we decided to resolve outstanding issues in the zebrafish genomic assemblies related to the identity and position of possible ABCC6 orthologs and test if the functional paralogs have redundant function in mineralization.

We have been able to reconstruct the poorly assembled region of chromosome 6 where abcc6b.1 and abcc6b.2p are situated and showed that of the two genes only the former is functional, and the latter is a pseudogene (Figures 1A–D). This pattern not observed in the genome of the related catfish suggests that relatively recently a segmental duplication occurred at this position of the zebrafish genome and one of the copies degenerated later (Figure 1E). Similarly, the human ABCC6 is abutted by two pseudogenes that originated through segmental duplications (Pulkkinen et al., 2001); however, they are supposed to be results of more recent, unrelated genomic events (Symmons et al., 2008).

Intriguingly, while the presence of abcc6a and the original abcc6b would be parsimonious with their origin after the TGD, our results suggest that this might not be necessarily the case.

As interspecies genomic alignments show that multiple teleost species have only a single syntenic abcc6 region in their genomes (Figures 1E,E’), it is possible that one half-genome with the second abcc6 genomic cluster was lost shortly after the TGD. If this is indeed the case, than the evolution of the current zebrafish abcc6 complement involved two segmental duplication events, with the first being followed by a chromosomal translocation with a break point between the duplicates. This rearrangement could have occurred somewhere at origins of the Ostariophysan superorder, in the common ancestor of channel catfish and zebrafish. This is why both of these species carry a split form of the ancestral abcc6 chromosomal locus (Figures 1E,E’).

However, the presence of a second abcc6 cluster in the genome of the Atlantic herring also suggests an alternative hypothesis. While this syntenic region might be the result of a lineage-specific chromosomal duplication event, it is also possible that post-TGD differential gene-loss followed different trajectories in the ancestors of the Otocephala and Euteleostei clades. Unlike all other observed species, zebrafish, channel catfish and the Atlantic herring all belong to the former clade, and their common ancestors might have preserved both half-genome fragments with abcc6, whereas Euteleostei have lost one. Later the ancestral ostariophysan lost the downstream members of the abcc6a locus and the upstream members of the abcc6b locus, respectively. Such a sequence of events would also be parsimonious with the observed pattern.

As further teleost genomes will become available, we will be able to discern between these two hypotheses.

Using a CRISPR/Cas9-based methodology we were able to create frameshift mutations in both functional zebrafish ABCC6 paralogs, abcc6a, and abcc6b.1. The phenotypic analysis of single and double mutants, both at larval and adult stages suggested that whereas abcc6a has major roles in mineralization, as has been suggested by previous studies (Mackay et al., 2015; Van Gils et al., 2018; Sun et al., 2021), abcc6b.1 appears to be dispensable for this process under normal conditions. In the absence of Abcc6a function we observe precocious mineralization as early as 10 dpf (Figure 2), and in adults this process leads to deformed vertebrae and ectopic mineralization foci deposited in between the vertebrae leading to a characteristic phenotype (Figure 3), reminiscent to some scoliosis models (Grimes et al., 2016).

Our results also suggest that earlier morphant phenotypes ascribed to abcc6a loss-of-function (Li et al., 2010) could be due to off-target effects of the morpholinos. Morpholino treatments are known to be prone to such effects, which result in non-specific phenotypes (Schulte-Merker and Stainier, 2014; Kok et al., 2015). The discovery of genetic compensation in multiple mutant lines, however, also demonstrated that lack of phenotypes in particular mutants could be also due to the upregulation of paralogous genes by transcriptional adaptation (Rossi et al., 2015; El-Brolosy et al., 2019; Sztal and Stainier, 2020). Here, we show that no upregulation of abcc6a can be detected in abcc6b.1–/– background thus the absence of phenotype cannot be explained with transcriptional adaptation. Furthermore, we could not detect the “abcc6a morphant” (or indeed any) embryonic phenotype in either the MZabcc6a mutants or in our double mutant embryos, also suggesting that abcc6a and abcc6b.1 are unlikely to have functions during early development.

Of note, while we could not detect a function for Abcc6b.1 during homeostatic conditions, neither in mineralization, nor in lifespan (Supplementary Figure 3), it is possible that it has yet uncovered roles in the stress response. Indeed, recent results show an upregulation of abcc6b.1 in a zebrafish chordoma model (D’Agati et al., 2019).

Using in silico approaches we have also identified some key residues that have been changed in the Abcc6b.1 sequence compared to the archetypical ABCC6. Two of these changes, P654Q and E1266G appear in key positions of the NBD1 and NBD2 and they might critically alter the function of the transporter. It has to be noted, however, no human mutations are known to be related to these two residues (equivalent to P669 and E1290 in human ABCC6), so later empirical studies have to clarify the consequences of these two changes in the sequence and provide unequivocal evidence about the role of Abcc6b.1 in zebrafish physiology.

Over the past decade several highly influential studies have demonstrated the usefulness of the zebrafish model in the preclinical phases of drug development and documented the advantages this versatile model in the framework of the 3Rs (replacement, reduction, refinement) (for comprehensive reviews on this subject see Cassar et al., 2020 and Macrae and Peterson, 2015). External fertilization and fast development means that only one or 2 weeks after fertilization we can easily observe the well developed internal organs of zebrafish larvae and also assay their behavior. The fecundity of zebrafish females also makes this species ideal for high-throughput experimental approaches (Stewart et al., 2015; Cassar et al., 2020). The mutant lines that we have created can be used not only to probe the function of the zebrafish ABCC6 paralogs, but are also ideal to test small molecular drugs that could ameliorate the PXE phenotype as other studies have shown (Mackay et al., 2015). Etidronate and PPi are obvious choices for such tests (Dedinszki et al., 2017; Kranenburg et al., 2018; Li et al., 2018), but high-throughput screening of compounds approved by the Federal Drug Administration (FDA) could help to find putative drugs that can be quickly repurposed to help PXE patients as happened recently for several other diseases (Cully, 2019). The existence of well defined larval phenotypes in the abcc6a mutant zebrafish will also significantly shorten the timeframe to test particular drugs from the 4–5 months, typical in mice, to ∼2 weeks.

Overall the models we have developed offer a cost-effective approach for the discovery and/or repurposing of drugs and will significantly shorten the timeframe for the development of novel PXE therapies.



MATERIALS AND METHODS


Fish Husbandry

Wildtype and mutant fish lines were maintained in the animal facility of ELTE Eötvös Loránd University according to standard protocols (Westerfield, 2000; Aleström et al., 2019). All protocols used in this study were approved by the Hungarian National Food Chain Safety Office (Permit Number: PE/EA/2026-7/2017).



Genome Editing and Genotyping

To induce indel mutations in the abcc6a and abcc6b.1 genes we used the CRISPR/Cas9 system as described (Gagnon et al., 2014). The targeted site within the 2nd exon of abcc6a and the 6th exon of abcc6b.1, respectively (with the PAM sequence in bold): GGCAGCCGACCTCGGCCATGG and AGAAGCATCCTCAACTGGACATGG (Supplementary Figure 1).

Adult and larval zebrafish were genotyped using the HotShot method (Meeker et al., 2007). The genotyping of the abcc6a wild-type and mutant (elu15) alleles was achieved using the 5′-CC ATCTCTACTGCCATGGCC-3′ and 5′-CATCTCTACTGCCAT GGGTC-3′ forward primers, respectively, in combination with the 5′-CTGAGGGGTCGAGTTCAAACTT-3′ reverse primer. For Sanger sequencing the latter reverse primer was used in combination with the 5′-CCATCTCTACTGCCATGGCC-3′ forward primer.

The genotyping of the abcc6b.1 wild-type allele was achieved using the 5′-ACAACCTGTCAGCGTCTTTGTC-3′ forward and the allele-specific 5′-AGAAGCATCCTCAACTGGACA-3′ reverse primers. Genotyping of the elu16 allele was performed with the allele-specific 5′-TCCACTAGAACCCCTAGCAC-3′ forward primer in combination with the 5′-AACAA TGGGCCAAACTGCAACA-3′ reverse primer. For Sanger sequencing the critical region was amplified with the two primers that are not allele-specific.



PacBio Sequencing and Data Analysis

A gynogenetic diploid, double heterozygous adult was generated by heat shock according to previously established protocols (Westerfield, 2000). The genomic DNA was isolated using the Qiagen MagAttract HMW DNA kit (Qiagen cat#: 67563). Small molecular weight DNA was removed with BluePippin size selection (Sage Science cat#: HEX0004). A genomic DNA library was prepared and sequenced to 100× genomic coverage (1,500 gb) using the PacBio Sequal II system. Whole genome assembly was performed using the Canu assembly software (Koren et al., 2017), and the contiguous regions of interest was pulled out based on homology to the abcc6a or abcc6b genes. Raw sequence data has been deposited to the NCBI SRA public database under BioProject identifier PRJNA698636 and will be made public upon the acceptance of the manuscript. Reviewer link: https://dataview.ncbi.nlm.nih.gov/object/PRJNA698636?reviewer=m1tk397880d159so2e1c248u77. The sequence of the reconstructed genomic region, with annotated abcc6b.1 and abcc6b.2p has been deposited to GenBank (submission ID: 2425245).



In silico Structure Analysis

A homology model of the human ABCC6 protein was created as described earlier (Kozák et al., 2020). Briefly, one hundred structures were generated by Modeler v9.24 (Webb and Sali, 2016) using four high resolution structures of bovin ABCC1 (MRP1) as template. Membrane orientation of best models were determined by the TMDET algorithm (Tusnády et al., 2005) and CHARMM-GUI (Jo et al., 2008) was applied to generate lipid environment around the protein. For energy minimization Gromacs version 2018.8 (Hess et al., 2008) was utilized. The quality of the final model were checked by PROCHECK-NMR (Laskowski et al., 1996).



Alizarin Red Stainings

Larvae were fixed for 2 days at 4°C in 4% paraformaldehyde (PFA) dissolved in phosphate-buffered saline (PBS) solution. Samples were washed twice in ddH2O and incubated for 30 min in a mixture of 60 μl 30% H2O2 and 1.94 ml “Solution 2” (1% KOH, 2% Triton X-100) to remove pigmentation. Repeated washing in ddH2O was followed by an overnight incubation at 4°C in 1:1 mixture of Alizarin Red solution and “Solution 2.” The next day excess staining solution was discarded and the samples were washed in “Destain solution” (20% glycerol, 0.25% KOH). For long term storage larvae were moved into 50% glycerol, 0.25% KOH.



Lifespan Analysis

Fish (n = 148) were genotyped at 3 month age and raised in separate tanks, according to each of the nine genotypes. At ∼400 days age all surviving fish were culled and fixed in 4% paraformaldehyde (PFA) in PBS for later micro-CT measurements. Each fish was re-genotyped at this stage by a combination of allele-specific PCR and Sanger sequencing, when deemed necessary.



Micro-CT Analysis

Adult zebrafish were anesthetized, culled according to standard protocols. Each individual was genotyped by fin-clipping and fixed and stored in 4% paraformaldehyde (PFA) dissolved in phosphate-buffered saline (PBS) at 4°C. Micro-CT analysis (Skyscan 1272, Bruker, Kontich, Belgium) was performed as described before (Csete et al., 2019). Whole-body scans were acquired using a 100 kV and 100 μA X-ray source without filter followed by reconstruction with the SkyScan NRecon software (Bruker, Kontich, Belgium), resulting in a 5 μm or 20 μm voxel size. Further analysis was performed using the Skyscan CTAn (Bruker, Kontich, Belgium). The lower threshold of binary images was set to an absolute value of 95 or 105. Quantitative analysis was performed on the precaudal vertebraes of the fish using an axial cylinder of a diameter of 1,000 μm around the center of vertebraes. Determined parameters were percent mineralized volume (MV/TV) in the total volume of interest and percent mineralized area (MA/TA) in every section.



Multiple Sequence Alignments, Data Analysis and Visualization

Statistical analysis, multiple sequence alignments and visualization was performed in R (R Core Team, 2018) using the msa, fishtree and ggplot2 packages (Bodenhofer et al., 2015; Wickham, 2016; Chang et al., 2019) and the online Genomicus database (Louis et al., 2013). To display phylogenetic relationships we used the jsPhyloSVG script (Smits and Ouverney, 2010). All figures have been assembled in Affinity Designer (Serif Europe).
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Thalidomide, a sedative drug that was once excluded from the market owing to its teratogenic properties, was later found to be effective in treating multiple myeloma. We had previously demonstrated that cereblon (CRBN) is the target of thalidomide embryopathy and acts as a substrate receptor for the E3 ubiquitin ligase complex, Cullin-Ring ligase 4 (CRL4CRBN) in zebrafish and chicks. CRBN was originally identified as a gene responsible for mild intellectual disability in humans. Fetuses exposed to thalidomide in early pregnancy were at risk of neurodevelopmental disorders such as autism, suggesting that CRBN is involved in prenatal brain development. Recently, we found that CRBN controls the proliferation of neural stem cells in the developing zebrafish brain, leading to changes in brain size. Our findings imply that CRBN is involved in neural stem cell growth in humans. Accumulating evidence shows that CRBN is essential not only for the teratogenic effects but also for the therapeutic effects of thalidomide. This review summarizes recent progress in thalidomide and CRBN research, focusing on the teratogenic and therapeutic effects. Investigation of the molecular mechanisms underlying the therapeutic effects of thalidomide and its derivatives, CRBN E3 ligase modulators (CELMoDs), reveals that these modulators provide CRBN the ability to recognize neosubstrates depending on their structure. Understanding the therapeutic effects leads to the development of a novel technology called CRBN-based proteolysis-targeting chimeras (PROTACs) for target protein knockdown. These studies raise the possibility that CRBN-based small-molecule compounds regulating the proliferation of neural stem cells may be developed for application in regenerative medicine.
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INTRODUCTION

Thalidomide—originally developed as a sedative-hypnotic drug and used worldwide approximately 60 years ago—is an effective antiemetic and prescribed for morning sickness during pregnancy. This drug was withdrawn from the market because newborns showed multiple birth defects when pregnant women consumed the drug during early pregnancy. Thalidomide is associated with a range of teratogenicity, termed thalidomide embryopathy, in the ears, eyes, face, limbs, genitalia, and internal organs, including heart, kidney, and gastrointestinal tract (Miller and Strömland, 1999; Vargesson, 2015). Thalidomide teratogenicity shows different critical exposure periods during embryogenesis. Previous research indicates that the earliest exposure to thalidomide increases the risk of autism and epilepsy (Strömland et al., 1994; Miller and Strömland, 1999; Miller et al., 2005). Notably, limb malformations in embryos exposed to thalidomide were observed in humans and rabbits but not in rodents, implying that thalidomide teratogenicity is species-specific (Fratta et al., 1965; Schumacher et al., 1968).

We previously identified cereblon (CRBN) as a primary direct target of thalidomide (Ito et al., 2010). CRBN, encoding a 442-amino-acid protein, is identified as a gene responsible for autosomal recessive non-syndromic intellectual disability; a nonsense mutation, p.R419X, generates a truncated CRBN lacking 24 amino acids at the C-terminal owing to the presence of a premature stop codon (Higgins et al., 2004). Another missense mutation in CRBN is also associated with severe intellectual disability and seizures (Sheereen et al., 2017). CRBN serves as a substrate receptor of the Cullin-Ring ligase 4 E3 ubiquitin ligase complex (CRL4CRBN) that recognizes substrates for ubiquitination and subsequent proteasomal degradation (Ito et al., 2010). CRBN is identified as a protein directly interacting with the cytosolic carboxy-terminus of large conductance, Ca2+- and voltage-activated K+ (BK) channel α subunit (Jo et al., 2005). However, the significance of these mutations with respect to intellectual disability and cellular functions of CRBN is still unclear.

Although the mechanisms underlying the sedative function of thalidomide has not been elucidated, thalidomide has been found to have therapeutic effects in the context of erythema nodosum leprosum and multiple myeloma. At present, thalidomide and its derivatives lenalidomide and pomalidomide are repurposed as immunomodulatory drugs (IMiDs) for blood cancers. Accumulating evidence suggests that thalidomide and IMiDs bind to CRBN, thereby altering substrate recognition depending on the ligand structure and exerting therapeutic effects by degrading different ligand-specific substrates (neosubstrates) (Chamberlain and Cathers, 2019; Ito and Handa, 2020). Elucidation of the molecular mechanisms of action of thalidomide and IMiDs promoted the development of a new protein knockdown technique, proteolysis-targeting chimeras (PROTACs), originally developed using another E3 ubiquitin ligase, von Hippel-Lindau (Sakamoto et al., 2001; Pettersson and Crews, 2019).

We demonstrated that thalidomide caused limb defects through CRBN in chicks and zebrafish (Ito et al., 2010; Asatsuma-Okumura et al., 2019), suggesting that basic molecular mechanisms of limb development involving CRBN are evolutionarily conserved among vertebrates. Zebrafish (Danio rerio) is an excellent model organism to investigate molecular genetic and pathogenic mechanisms underlying human diseases that have a developmental origin (Lieschke and Currie, 2007). Each fish lays many eggs, and the transparent small embryos develop externally in a dish, enabling us to easily observe and analyze the effects on development by gene expression, knockdown, knockout, and screening of small-molecule libraries using living whole embryos (Driever et al., 1994; Kaufman et al., 2009; D’Amora and Giordani, 2018). Furthermore, many transgenic lines, mutants, and disease models are currently available for studying neurodevelopmental disorders in zebrafish (Meshalkina et al., 2018; Sakai et al., 2018; Vaz et al., 2019).

In this mini review, we summarize recent advances in our understanding of the teratogenic and therapeutic effects of thalidomide and its derivatives, currently called cereblon E3 ligase modulators (CELMoDs), and describe the potential of CELMoDs for developing small-molecule compounds that regulate neural stem cell (NSC) proliferation and their significance in regenerative medicine.



TERATOGENIC EFFECTS OF THALIDOMIDE IN HUMANS

In human fetal development, 4–15 weeks gestation (3–14 weeks post-conception) is the organogenesis period; especially, 4–9 weeks gestation (3–8 weeks post-conception) is critical for organogenesis. Human embryos in the first 8 weeks are highly sensitive to teratogens (Wilson, 1973; Hill, 2007). The earliest exposure to thalidomide (20–24 days post-fertilization) has been reported to increase the risk of autism and epilepsy (Strömland et al., 1994; Miller and Strömland, 1999; Miller et al., 2005). Brain development initially begins with the induction of neuroectoderm from ectoderm during gastrulation. This neural induction occurs 3 weeks post-fertilization in humans, roughly corresponding to the critical period for autism elicited by thalidomide exposure (Strömland et al., 1994; Miller and Strömland, 1999; Miller et al., 2005). This suggests that thalidomide has the potential to affect early brain development when neuroectodermal cells, including NSCs, dramatically proliferate and differentiate.

Although the precise molecular mechanisms underlying thalidomide teratogenicity remain obscure, multiple teratogenic effects were considered due to the functional CRBN inhibition, as CRBN is a direct protein target of thalidomide that inhibits the auto-ubiquitination of CRBN (Ito et al., 2010). Furthermore, thalidomide teratogenicity implies that CRBN plays a critical role in human fetal development. However, CRBN-knockout mice exhibit normal brain development, but show impaired presynaptic function owing to enhanced BK channel activity and deficits in hippocampal-dependent learning and memory via exaggerated AMP-activated protein kinase (AMPK) activity (Higgins et al., 2004; Bavley et al., 2018; Choi et al., 2018). Forebrain-specific conditional CRBN-knockout mice also show hippocampus-dependent deficits in associative learning (Rajadhyaksha et al., 2012). Although the role of CRBN in brain development remains poorly understood, investigation of the molecular mechanisms underlying the therapeutic effects of thalidomide and IMiDs revealed that CELMoDs bind to CRBN to alter substrate recognition, leading to ligand-specific neosubstrate degradation (Figure 1). Two different proteins, spalt-like transcription factor 4 (SALL4) and tumor protein 63 (TP63, p63), have been identified as CRBN neosubstrates responsible for the teratogenic effects of thalidomide in the limb and ear (Donovan et al., 2018; Matyskiela et al., 2018; Asatsuma-Okumura et al., 2019, 2020; Figure 2). In contrast, the original substrates for CRBN during development and any endogenous ligands have not yet been clarified.


[image: image]

FIGURE 1. Mechanism of action of CRL4CRBN E3 ubiquitin ligase and its effects through CRBN-based small molecules. CRBN, a substrate receptor of CRL4CRBN, binds to CRBN-based small molecules (IMiDs, CELMoDs, PROTACs) through the glutarimide moiety (green ellipse) and recognizes different neosubstrates depending on the structure (red circle). Polyubiquitination and proteasomal degradation of the target neosubstrates cause cell death or presumably NSC proliferation that leads to various teratogenic and therapeutic effects.
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FIGURE 2. Teratogenic and therapeutic effects of CRBN-based small molecules and the corresponding neosubstrates in humans. The structures of thalidomide and its derivatives are indicated. AML, acute myeloid leukemia; ASD, autism spectrum disorder; MDS, myelodysplastic syndrome; MM, multiple myeloma; ND, not determined.


SALL4 is a member of the spalt-like family of C2H2 zinc finger transcription factors that is involved in embryonic development. Mutations in SALL4 are associated with Duane-radial ray syndrome/Okihiro syndrome and SALL4-related Holt-Oram syndrome, both of which show phenotypes similar to those of thalidomide embryopathy (Al-Baradie et al., 2002; Kohlhase et al., 2002, 2003). Consistent with these observations, thalidomide was found to induce SALL4 degradation in a species-specific manner (Donovan et al., 2018). SALL4 is expressed in early embryos, including the inner cell mass, heart, and neuroectoderm. Thus, SALL4-deficient mice are embryonic lethal (Sakaki-Yumoto et al., 2006). SALL4 haploinsufficiency results in death in utero, anorectal and heart anomalies, and exencephaly in mice. Therefore, SALL4 may be involved in thalidomide-induced miscarriage or other birth defects in humans. Sall4 is also required for pectoral fin outgrowth (Harvey and Logan, 2006) that seems consistent with thalidomide-induced limb defects in zebrafish (Ito et al., 2010; Asatsuma-Okumura et al., 2019). However, zebrafish SALL4 is resistant to thalidomide-induced degradation (Donovan et al., 2018), suggesting the presence of other neosubstrates.

We identified p63 as another thalidomide-dependent CRBN neosubstrate and found that it was involved in teratogenic effects in the limb and ear (Asatsuma-Okumura et al., 2019). P63 is a member of the p53 transcription factor family, also known as tumor suppressors, and plays an important role in limb development (Yang et al., 2002). P63-deficient mouse embryos show severe limb defects similar to thalidomide-induced amelia and defects in craniofacial and epithelial development, suggesting that p63 is essential for ectodermal differentiation, epithelial development, and morphogenesis (Mills et al., 1999; Yang et al., 1999). In humans, mutations in TP63 cause ectodermal dysplasia, cleft lip/palate syndrome, and congenital limb malformations (Rinne et al., 2006). Consistently, knockdown of a p63 isoform, ΔNp63, showed disruptions in epidermal growth and limb development in zebrafish (Lee and Kimelman, 2002). The similarity of these phenotypes to thalidomide embryopathy prompted us to explore the possibility of p63 as a thalidomide-dependent neosubstrate. Using zebrafish, we demonstrated that p63 isoforms ΔNp63α and TAp63α were responsible for teratogenicity in the limb and ear through thalidomide-dependent degradation, respectively (Asatsuma-Okumura et al., 2019, 2020). P63 is also expressed in the embryonic and adult mouse and human telencephalon (Hernandez-Acosta et al., 2011). Genetic p63 knockdown in the embryonic telencephalon causes embryonic cortical precursor cell apoptosis that is rescued by ΔNp63 expression (Dugani et al., 2009). Nevertheless, constitutive p63 ablation results in no deficits in neural development (Holembowski et al., 2011). In contrast, inducible p63 ablation from embryonic day 12 leads to an increase in neural precursor cell apoptosis in the embryonic cortex (Cancino et al., 2015). These observations suggest that p63 plays an important pro-survival role in the developing brain (Joseph and Hermanson, 2010), also implying that p63 may be a potential neosubstrate for thalidomide teratogenicity in the brain.



THERAPEUTIC EFFECTS OF THALIDOMIDE IN HUMANS

The effectiveness of thalidomide against multiple myeloma encouraged Celgene Corporation to develop its derivatives, lenalidomide and pomalidomide that have higher immunomodulation activities (Bartlett et al., 2004). Thalidomide and its derivatives were therefore referred to IMiDs. Consistent with their immunomodulatory activity, we demonstrated that lenalidomide and pomalidomide bounded more strongly to CRBN than to thalidomide (Lopez-Girona et al., 2012), indicating that CRBN is required for both their teratogenic and therapeutic effects. Because CRBN is a CRL4CRBN substrate receptor, the substrates responsible for the therapeutic effects were explored; different ligand-dependent substrates (neosubstrates) have been identified for the therapeutic effects of thalidomide and its derivatives (Kronke et al., 2014, 2015; Lu et al., 2014; Matyskiela et al., 2016; Ito and Handa, 2020; Figure 2).

The transcription factors Ikaros (IKZF1) and Aiolos (IKZF3) that belong to the Ikaros zinc finger family (IKZF), were first identified as lenalidomide-dependent CRL4CRBN substrates in multiple myeloma cell lines (Kronke et al., 2014; Lu et al., 2014). Ikaros and Aiolos degradation is the main mediator of the anti-myeloma effects of lenalidomide. We revealed that lenalidomide and pomalidomide also induced Ikaros and Aiolos degradation in T cells (Gandhi et al., 2014).

Casein kinase 1A1 (CK1α) was identified as another lenalidomide-dependent CRL4CRBN neosubstrate responsible for the therapeutic effect of lenalidomide against myelodysplastic syndrome with chromosome 5q deletion (Kronke et al., 2015). CK1α is a serine/threonine kinase that plays important roles in embryonic and tumor development. CK1α inhibits p53 and negatively regulates Wnt signaling (Huart et al., 2009; Elyada et al., 2011; Wu et al., 2012). Consistently, homozygous deletion of the CK1α gene, Csnk1a1, in hematopoietic cells results in apoptosis through p53 activation in conditional knockout mice (Schneider et al., 2014). CK1α degradation by lenalidomide was substantially more extensive than that by thalidomide or pomalidomide, indicating that substrate recognition by CRBN differs depending on the ligand structure (Kronke et al., 2015).

In a thalidomide derivative library developed by Celgene, CC-885 was discovered to possess remarkable therapeutic effects against acute myelogenous leukemia. We identified a CC-885-dependent neosubstrate, G1-to-S phase transition 1 (GSPT1), by immuno-affinity purification and found that CC-885 has an anti-proliferative effect by degrading this neosubstrate (Matyskiela et al., 2016). Because the effects of CC-885 were beyond the scope of immunomodulatory drugs, thalidomide and its derivatives IMiDs have been collectively termed CELMoDs. This recent progress in elucidating the molecular function of CELMoDs supports the hypothesis that these small-molecule compounds confer neosubstrates on CRBN by altering substrate recognition (Chamberlain and Cathers, 2019; Ito and Handa, 2020; Figure 1).

The CRBN-based PROTAC technique utilizes thalidomide or other CRBN-binding compounds combined with small-molecule compounds that interact with the proteins of interest, allowing us to target protein degradation by recruiting CRL4CRBN (Winter et al., 2015; Burslem and Crews, 2020). This targeted protein knockdown with PROTACs opens new possibilities for CELMoDs in drug discovery (Chamberlain and Hamann, 2019; Pettersson and Crews, 2019).



NSCs IN BRAIN DEVELOPMENT AND NEURODEVELOPMENTAL DISORDERS

The number of NSCs is determined by the balance of proliferation, differentiation, and apoptosis. Caspase-3 and -9 knockout suppresses apoptosis, causing expansion of NSCs/radial glial cells (RGCs), leading to a larger and consequently convoluted cortical surface (Haydar et al., 1999; Rakic, 2009). NSC proliferation and differentiation are strictly regulated during brain development (Kriegstein and Alvarez-Buylla, 2009; Rakic, 2009; Aimone et al., 2014; Florio and Huttner, 2014). In the developing brain, NSCs/RGCs proliferate through symmetric cell divisions or give rise to intermediate (basal) progenitor cells or neurons by asymmetric cell division in the ventricular zone. Intermediate progenitor cells migrate basally along radial fibers and produce two neurons by symmetric cell divisions in the subventricular zone. Thus, NSCs produce differentiated cells (progenitor cells or neurons) at the expense of proliferation. Consequently, the number of NSCs/RGCs at early developmental stages impacts brain size at later stages (Golzio et al., 2012; Malhotra and Sebat, 2012). Indeed, multiple human genes associated with microcephaly, macrocephaly, and megalencephaly are involved in cell division and cell cycle regulation, such as mitotic spindle orientation, centromere formation, microtubule organization, cytokinesis, and signal transduction (Williams et al., 2008; Pirozzi et al., 2018). Moreover, microcephaly and macrocephaly are observed in neurodevelopmental disorders, autism spectrum disorder, and intellectual disability, suggesting that impaired neurogenesis in the embryonic brain accounts for susceptibility to these neurodevelopmental disorders (Courchesne et al., 2007; Vorstman et al., 2017; Bonnet-Brilhault et al., 2018).

During brain development, newly generated neurons migrate into different layers depending on the timing of their generation from RGCs (Kriegstein and Alvarez-Buylla, 2009). Early-born neurons are distributed in the deeper layers, and later-born neurons in the superficial layers; thus, cortical layers are developed in an inside-out manner. A disrupted balance between NSC/RGC proliferation and differentiation could affect cortical circuit organization, as projection neuron subtypes are determined by the cortical layers in which the neurons reside (Greig et al., 2013). Indeed, multiple susceptibility genes for neurodevelopmental disorders, such as PTEN, CHD8, and SYNGAP1 for autism spectrum disorder; KRAS and RHEB for intellectual disability; and DISC1, NRG1, and MAPK3 for schizophrenia are implicated in embryonic neurogenesis, including NSC/NPC proliferation and differentiation, neuron generation and migration, and post-mitotic neuron differentiation during brain development (Abrahams and Geschwind, 2008; Amaral et al., 2008; Sato et al., 2015; Vorstman et al., 2017; Sacco et al., 2018), suggesting that neurodevelopmental disorders are attributed to impaired neurogenesis in the fetal brain (Kaushik and Zarbalis, 2016; Muhle et al., 2018; Sacco et al., 2018). The pathogenic mechanisms underlying neurodevelopmental psychiatric disorders support the hypothesis that fetal development affected by in utero environments, including exposure to teratogens, pathogens, or maternal stress, leads to later-onset diseases (Gluckman et al., 2007).



NSCs IN ADULT NEUROGENESIS AND MENTAL DISORDERS

Fetal exposure to teratogens, including thalidomide as well as other small-molecule compounds such as valproic acid (antiepileptic), misoprostol (antiulcer drug), and ethanol, is associated with autism (Dufour-Rainfray et al., 2011). Prenatal exposure during the first trimester to antidepressants such as the selective serotonin reuptake inhibitor (SSRI), fluoxetine was associated with an increased risk of autism (Velasquez et al., 2013; Andalib et al., 2017; Millard et al., 2017). Fluoxetine promotes neurogenesis in the adult hippocampus and has been proposed to contribute to the therapeutic effects on mood disorders such as major depression in humans (Santarelli et al., 2003; Micheli et al., 2018; Planchez et al., 2020). Consistently, serotonin (5-HT) has multiple roles in adult hippocampal neurogenesis (Song et al., 2017). Most notably, it promotes NSC proliferation through the 5-HT1A receptor in the adult hippocampus (Radley and Jacobs, 2002; Banasr et al., 2004) suggesting that embryonic and adult neurogenesis share a common molecular mechanism mediated by targets of small-molecule compounds. However, adult hippocampal neurogenesis reduces dramatically with age not only in rodents (Altman and Das, 1965; Kempermann et al., 2015), but also in humans (Snyder, 2018; Sorrells et al., 2018). Therefore, reactivation of quiescent NSCs and expansion of endogenous NSCs/NPCs in the brain will be an ideal symptomatic treatment for patients with impaired adult neurogenesis resulting in neurodevelopmental disorders, mood disorders, and neurodegenerative disorders (Li et al., 2013; Herrera-Arozamena et al., 2016; Duncan and Valenzuela, 2017).



TERATOGENIC EFFECTS OF THALISOMIDE AND POTENTIAL THERAPEUTIC ACTIVITY OF CRBN IN ZEBRAFISH BRAIN DEVELOPMENT

We found that thalidomide treatment during early gastrulation resulted in the generation of small heads and eyes in zebrafish embryos (Ando et al., 2019). This is consistent with thalidomide-induced birth defects in mice and humans, indicating that the mechanism underlying thalidomide teratogenicity in brain development is conserved among vertebrates (Miller and Strömland, 1999; Hallene et al., 2006; Fan et al., 2008). Knockdown of CRBN the direct target of thalidomide, elicited p53-dependent apoptosis in the presumptive brain region, suggesting that CRBN is required for neuroepithelial cell survival, including that of NSCs. This is consistent with the teratogenic effects of thalidomide in zebrafish embryos in which thalidomide induces apoptosis in the developing fin bud (Asatsuma-Okumura et al., 2019). A discrepancy in phenotypes between CRBN-knockdown zebrafish and CRBN-knockout mice, as observed for p63, remains an open question, although genetic compensation by mutant mRNA degradation was reported as the molecular mechanism underlying such discrepancies (Rossi et al., 2015; El-Brolosy et al., 2019).

CRBN overexpression by injection of mRNA into one-cell-stage embryos caused expansion of the head at later stages in zebrafish (Ando et al., 2019). CRBN overexpression caused expanded NSC marker sox2 expression in the presumptive brain field as well as an increase in mitotic cells in the telencephalon and an increase in her5-positive NSCs in the midbrain-hindbrain boundary. The effects of CRBN overexpression on early brain development lead to the expanded expression of neural and glial marker genes and results in an enlarged brain. These results suggest that CRBN overexpression promotes the proliferation of sox2-positive NSCs in the developing brain. This conclusion is supported by the fact that another E3 ubiquitin ligase complex, CRL4Mahj, using Mahjong as a substrate receptor, promotes the exit of NSCs from quiescence and leads to the reactivation of proliferation in Drosophila (Ly et al., 2019). These observations may indicate that newly developed CELMoDs including thalidomide analogs corresponding to CRBN overexpression can enhance NSC proliferation if they promote stabilization by inhibition of auto-ubiquitination or degradation of endogenous substrates more efficiently or by degradation of CELMoD-dependent neosubstrates that leads to cell cycle progression or growth factor signal propagation. This type of CELMoD is a potential candidate for therapeutic drugs for treating diseases that affect adult neurogenesis.



CONCLUSION

Thalidomide has multiple teratogenic effects depending on the time of exposure during development. Early exposure to thalidomide caused a small head in zebrafish embryos, consistent with an increase in the risk of autism and mild intellectual disability that often affect head size in humans. Brain size is primarily affected by the number of NSCs that is determined by the balance of growth, differentiation, and apoptosis during development. Early exposure to small molecules affecting adult neurogenesis, such as antidepressants, increases the risk of autism, suggesting a common molecular mechanism underlying NSC growth and differentiation in the developing and adult brain. Our finding that thalidomide’s direct target, CRBN, regulates NSC proliferation in zebrafish embryonic brain implies that small-molecule compounds, including CELMoDs, can promote NSC growth in the adult brain and thus might be developed as effective therapeutic drugs for regenerative medicine.
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Despite extensive studies on type 2 diabetes mellitus (T2DM), there is no definitive cure, drug, or prevention. Therefore, for developing new therapeutics, proper study models of T2DM is necessary to conduct further preclinical researches. Diabetes has been induced in animals using chemical, genetic, hormonal, antibody, viral, and surgical methods or a combination of them. Beside different approaches of diabetes induction, different animal species have been suggested. Although more than 85% of articles have proposed rat (genus Rattus) as the proper model for diabetes induction, zebrafish (Danio rerio) models of diabetes are being used more frequently in diabetes related studies. In this systematic review, we compare different aspects of available methods of inducing hyperglycemia referred as T2DM in zebrafish by utilizing a scoring system. Evaluating 26 approved models of T2DM in zebrafish, this scoring system may help researchers to compare different T2DM zebrafish models and select the best one regarding their own research theme. Eventually, glyoxalase1 (glo1−/−) knockout model of hyperglycemia achieved the highest score. In addition to assessment of hyperglycemic induction methods in zebrafish, eight most commonly proposed diabetic induction approval methods are suggested to help researchers confirm their subsequent proposed models.

Keywords: zebrafish, Danio rerio (zebrafish), diabetes mellitus, T2DM, hyperglycemia, animal modeling


INTRODUCTION

Zebrafish, nowadays known as a preferable animal model, was first introduced as an laboratory animal by Streisinger et al. (1981). They described zebrafish as a favorable model for developmental studies due to its transparency of embryo and remarkable fecundity (Streisinger et al., 1981; Grunwald and Streisinger, 1992). After a while, large-scale genetic studies demonstrated that zebrafish conserves ortholog genes which get disrupted in the state of illness similar to humans (Haffter et al., 1996; Barbazuk et al., 2000). In a short time, zebrafish converted to a frequent model of disease and drug discovery simultaneously with progression of genetic methods (Driever et al., 1996; Serbedzija et al., 1999; Dooley and Zon, 2000; Nasevicius and Ekker, 2000). It drew a lot of attention to be a proper model for metabolic diseases (Wang et al., 1998).

A variety of key features like resembling mammalian like pancreas specifications (Zon and Peterson, 2005), having main organ systems, such as a beating heart, mammalian like glucose regulation (Jurczyk et al., 2011), and similarity of nearly 70% of genes to human (Howe et al., 2013) make zebrafish superior in many scenarios. In addition, whole organ transcriptomic (Junker et al., 2014) and proteomic analyses (Nolte et al., 2015) are possible due to small size and in large scales due to laying capabilities of zebrafish. Zebrafish digestion system, adipose tissues, and skeletal muscle are physically humanlike (Schlegel and Stainier, 2007). Furthermore, blood circulation in vessels and neuronal and hormonal systems develop and become functional at early stages of development and make zebrafish favorable for early metabolic studies (Kimmel et al., 1995; Lakstygal et al., 2019; Pourghadamyari et al., 2019).

Scientists found it interesting to study type 2 diabetes mellitus (T2DM) in zebrafish as an animal model. T2DM is a very common metabolic disorder that can progress to other disorders, such as neurodegeneration (Sheikhpour and Khoradmehr, 2014; Farhadi et al., 2019). Scientists preferred utilizing rodents for preclinical studies of diabetes (Hajizadeh et al., 2014; Hajizadeh-Saffar et al., 2015; Engel et al., 2019). Actually, more than 85% of articles have used rat as their preferred model (Tripathi and Verma, 2014). So far, type 1 diabetes mellitus (T1DM), T2DM, and maturity-onset diabetes of the young (MODY) have been induced by a variety of methods in zebrafish (Zang et al., 2018).

Among the proposed methods, genetic methods may be more precise to target specific genes and produce abnormalities that are more accurate and more specific in results in comparison to other means. However, non-genetic ways of diabetes induction may be more available, cheaper, or easier to induce. In this systematic review, we aim to evaluate and compare all the available approaches for induction of hyperglycemia referred as T2DM in zebrafish. We used a comparison table in order to magnify the similarities and differences between the mentioned methods (Tables 1, 2). Also, scoring was suggested in order to choose the best model of hyperglycemia with the highest possible similarities to human among available ones (Tables 3, 4) based on the previous scoring principles for animal modeling of polycystic ovary syndrome as a metabolic disease (Tamadon et al., 2018). A verity of criteria is considered as laboratory workmanship and biological resemblance to human T2DM state. It is also possible to confront different scores for each model due to further studies on these criteria in the future.


Table 1. Comparison of non-genetic induced hyperglycemia models referred as T2DM in zebrafish.
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Table 2. Comparison of genetic induced hyperglycemia models referred as T2DM in zebrafish.
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Table 3. Scoring of non-genetic induced hyperglycemia models referred as T2DM in zebrafish.
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Table 4. Scoring of genetic induced hyperglycemia models referred as T2DM in zebrafish.
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MATERIALS AND METHODS


Software, Databases, and Search Queries

We investigated four databases including Google scholar, PubMed/Medline, Microsoft academic, and Scopus. We used the following search query in titles for Google scholar, Microsoft academic, and Scopus databases: “(zebrafish OR danio) AND (diabetes OR diabetic OR hyperglycemia OR hyperglycemic OR glucose OR pancreas OR pancreatic OR insulin OR MODY).” For the PubMed/Medline database, we used “(zebrafish [Title/Abstract] OR danio [Title/Abstract]) AND (diabetes [Title/Abstract] OR diabetic [Title/Abstract] OR hyperglycemia [Title/Abstract] OR hyperglycemic [Title/Abstract])” search query to screen all related articles by title and abstract, simultaneously. Google scholar, Scopus, and Microsoft academic searches were performed using the Publish or Perish Windows software. Then, the PubMed/Medline results were added and duplicate results were removed using the Mendeley Desktop software (1,220 papers were found in general). We screened the remaining results by title and abstract to investigate available hyperglycemia models referred as T2DM in zebrafish. Publication date was not restricted.



Inclusion and Exclusion Strategy

We included the results of every study that was consistent with hyperglycemic outcome (whether fasting blood glucose elevation, post-high content diet feeding blood glucose elevation, post-prandial glucose elevation, or whole larval glucose elevation) in the first place and have utilized one additional approval method which will be explained in detail further (section Methods of Model Verification). Selected articles are based on the induction of chronic hyperglycemia as T2DM occurs in human and without considering any publishing time limitations. We considered MODY studies too, because they manifest T2DM in the early stages of human life by involving well-known specific genes. Disruption of these genes increase the chance of T2DM occurrence. Therefore, they can be suitable subjects to study T2DM pathophysiology in animal models, too. We excluded every study with relation to T1DM induction methods. These studies consist of alloxan or streptozotocin (STZ) focused means of induction. Acute or non-persistent hyperglycemic states, such as glucose injection were disqualified too. During 2007 to 2020, based on the PubMed/Medline database, 270 research articles have been published on hyperglycemic model of zebrafish (Figure 1A). We selected 26 methodological papers of hyperglycemia referred as T2DM induction to be reviewed in our study, systematically (Figure 1B).
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FIGURE 1. (A) Number of research article publications by year to demonstrate the growing interest of researchers by hyperglycemic model of zebrafish (Danio rerio) based on the PubMed/Medline database. (B) Development of new genetic or non-genetic hyperglycemic model of zebrafish (Danio rerio) by year.




Scoring Rationales and Principles

The scoring system was obtained from the previous study by Tamadon et al. (2018). All the major diabetic outcomes in the proposed models are included and compared to human diabetic state, respectively. In the scoring tables (Tables 3, 4), any similarity between zebrafish and human diabetic state is graded as one positive score (marked as * in the table), any inconsistency with human diabetic state is graded as one negative score (marked as / in the table), and any unavailable data for the proposed factor is considered as zero or neutral (marked as # in the table). Finally, all the scores of a single model are added up and the final score of the model is generated.

For a better comprehension and model selection for further studies, we separated all the scoring factors into two main categories; firstly, as the similarities to human and secondly, as the suitability of the model. All the factors for human scoring are regarded as one positive score and all the suitability factors are considered to be met by the perfect model (score of 10). Therefore, the highest grade is achieved in the first column of the table (human disorder). All the verified models are included in the table and evaluated in proportion to the ideal model (first column).

All available models can be categorized as larval or adult stage zebrafish models. It wholly depends on the researcher's intention to find the most suitable model considering their own purposes, research theme, limitations, and circumstances. We considered a one plus score for the availability of the model in both zebrafish life stages. As we can see, some models can be utilized in both larval and adult stages, receiving a higher score. Induction time can be a crucial factor. Therefore, we considered a positive score for faster induction time (<1 month) due to faster results, higher efficiency of the model, and workmanship and deducted a score for more induction time. As we can see, genetic models are ahead in terms of time saving factor (0 days for induction).




METHODS/MODELS OF INDUCING HYPERGLYCEMIA IN ZEBRAFISH


Glucose Based Methods of Inducing Hyperglycemia

Due to the ease of induction and cheapness, glucose-based induction is favorable. There are different protocols which have been developed based on matter of time, life stage, and glucose concentration. We can consider this approach of T2DM induction in zebrafish as the first approach ever, which is modified and has evolved over years.


Immersion Alternatively in 2% and 0% Glucose Solution Model of Hyperglycemia

Gleeson et al. (2007) introduced a primary method of inducing T2DM in zebrafish. In this method, zebrafish were alternately exposed to 2% glucose and 0% glucose solution for 30 days. Common diabetes symptoms, such as retinopathy and increased fasting blood glucose (FBS) levels were observed afterwards. The FBS for control groups of wild-type zebrafish were measured 74 ± 8.5 and 89 ± 10.6 mg/dL for AB type. The FBS passed 200 mg/dL (three times more the normal state) after 30 days.



Immersion in Stepwise Elevating Glucose Concentration Model of Hyperglycemia

Connaughton et al. (2016) exhibited that the previous method is age-dependent. In this article, two groups of zebrafish (1–3 years old) and (4–11 months old) were investigated. Initially, both groups were immersed in 2 and 0% alternating glucose solution for 2 months (as mentioned in the Immersion Alternatively in 2 and 0% Glucose Solution Model of Hyperglycemia method). In the older group, high blood glucose levels were observed for the entire 2 months, but the younger fish group temporarily gained higher glucose levels (up to first month) and then adopted to the new environment and returned to the normoglycemic state. To solve this challenge, they modified the protocol and exerted an alternative method so that the concentration of glucose was elevating within the progress of induction stages. Initially, they incubated the younger zebrafish in 1% glucose solutions for 2 weeks. They increased glucose concentration up to 2% in the next 2 weeks and after that, incubated the young adult zebrafish in 3% glucose solution for the next month. The younger group of zebrafish gained a stable hyperglycemia state for the entire 2 months of induction.

In another study by Mohammadi et al. (2020), they used the same approach in a much shorter time. They incubated the adult zebrafish for 4 days in 50 mM glucose solution, followed by 100 mM glucose concentration immersion for the next 3 days. Finally, they elevated the glucose concentration to 200 mM for the last 3 days (10 days total). They showed that their approach is in compliance with previous study by revealing higher glucose concentrations and being responsive to metformin as an anti-diabetic drug (Mohammadi et al., 2020).



Chronic Immersion in 110 mM Glucose Solution Model of Hyperglycemia

Capiotti et al. (2014) introduced another method of inducing diabetic symptoms. Initially, three concentrations of 55, 110, and 166 mM of glucose solution were investigated. Due to the lower mortality rate of fish compared to the other two concentrations, they chose 110 mM concentrations for induction. In a 5-l tank containing 110 mM glucose, 15 zebrafish were incubated for 14 days. After 14 days, blood glucose levels increased up to four or five times in comparison to the control group. To assess the stability of this process, the zebrafish were placed in fresh water for 7 days. Measurements showed that blood glucose was still higher than the control group. By assessing fructosamine as an indicator of non-enzymatic glycation of proteins from the eyes of the zebrafish, they noticed elevated levels of fructosamine in the test group and even in the group that had been isolated for 7 days in fresh water, which confirms the reliability of the procedure. Therapies with anti-diabetic drugs, such as glimepiride and metformin were applied, which represent two different mechanisms of therapeutic. Short induction time as well as stability of hyperglycemic status are both prominent advantages of this method (Capiotti et al., 2014).



Chronic Immersion in 4% Glucose Solution Model of Hyperglycemia

Carnovali et al. (2016) used a different approach of chronic immersion in glucose solution. In this study, 4% glucose solution was used for 28 continuous days in order to induce hyperglycemia. This method also revealed insulin resistance and retinal vasculopathy as a result.



Immersion in Alternating 4% and 5% Glucose Solution Model of Hyperglycemia

In order to produce hyperglycemic state, Singh et al. (2019) used 4 and 5% alternating glucose solution individually from 3 h post-fertilization (hpf) to 5 days' post-fertilization (dpf). This means that the induction resulted in an increased total free glucose and retinopathic symptoms that were conserved up to adulthood. They also suggested that this induction method mimics fetus condition in mothers with pre-existing and gestational diabetes. It is worth mentioning that alternating immersion of zebrafish in 4 and 5% glucose solution caused 28.4 and 37.5% of mortality rate, accordingly.



Immersion in 130 mM Glucose Solution Model of Elevated Hyperglycemia

Another glucose based approach of hyperglycemia induction that Jung et al. (2016) utilized was the immersion in 130 mM glucose solution from 3 to 6 dpf. The approach showed to be effective by the elevation of the whole larval glucose and showing retinopathic symptoms, such as thickening of the vascular basement membrane and increased vascular permeability (Robinson et al., 2012).




Diet Based Methods of Inducing Hyperglycemia

Improper diet, overweight, or obesity are proved to be major reasons of diabetes occurrence (Hu et al., 2001). Zebrafish is considered to be a suitable model due to possessing major organs with high resemblance to human counterparts, such as kidney, pancreas, adipose tissue, and skeletal muscle (Schlegel and Stainier, 2007). This method can be considered as one of the most effective and most accessible ways to exhibit hyperglycemic state in zebrafish. It is worth mentioning diet based method of producing T2DM in zebrafish was inspired from rodents obesity and insulin resistance model (Tobey et al., 1982; Surwit et al., 1988).


Obesity Model of Hyperglycemia

Interestingly, 90% of people with T2DM are overweight or obese. Therefore, there would be observations of diabetic symptoms by inducing obesity (Scherer, 2006). Zebrafish has exhibited conserved pathophysiological pathways with mammalian obesity (Oka et al., 2010). In a study by Zang et al. (2017), these principles were utilized to produce hyperglycemic condition in zebrafish. Zebrafish were fed Otohime B2 six times a day for 8 weeks (408 calories for the test group and 68 calories for the control group). FBS level showed a significant increase compared to the control group by the first week and kept the hyperglycemic state constant throughout the procedure. Up to 4 weeks after stopping treatment, despite a slight decrease, FBS remained higher than in the control group. They also used the anti-diabetic drug responsiveness test, glucose tolerance test, and deep RNA sequencing in order to verify this model. This method can be considered as the most available approach to study diabetes utilizing zebrafish.



High Fat Diet (HFD) Containing 1% Egg Yolk Model of Hyperglycemia

In another study by Meng et al. (2017), they utilized HFD consisted of brine shrimp and 1% egg yolk for 10 weeks, and the results were consistent with the previous obesity induced hyperglycemia method. They revealed that insulin receptor substrate 2 (IRS2) and glucose transporter 2 (GLUT2) were significantly decreased in livers of HFD-treated zebrafish and insulin levels were elevated in the muscle and liver tissue significantly suggesting insulin resistance induction.




Chemical Based Methods of Inducing Hyperglycemia

Etiology of diabetes has been pursued over years. Different chemicals that may be diabetogenic have surrounded us by different doses or exposure period. Chemicals, such as alloxan and streptozotocin are widely used to induce diabetes in rodents (Engel et al., 2019). In two studies, effects of bisphenol compounds as common chemicals on glucose metabolism of zebrafish have been investigated.


Bisphenol F Induced Model of Hyperglycemia

Zhao et al. (2018a) showed the effects of bisphenol F on glucose homeostasis in zebrafish larvae. Background of this study had exhibited insulin resistance, decreased glucose tolerance, and higher levels of plasma insulin, triglycerides, and leptin in mice. In this study, larval zebrafish was exposed to different doses of bisphenol F, but only 10 and 100 μg/L concentrations showed diabetic symptoms like increased levels of insulin and decreased transcription levels of genes which encode insulin receptor substrate. They also showed an increase in mRNA transcription of key gluconeogenesis enzymes. Insulin levels increased and transcription levels of genes encoding insulin receptor substrates decreased significantly suggesting insulin resistance. All these signs imply to look at this model as a qualified approach.



Bisphenol S Induced Model of Hyperglycemia

Another study by Zhao et al. (2018b) revealed that bisphenol S also generates a diabetic state. Exposure to 1 and 10 μg/L of bisphenol S significantly increased FBS levels. In spite of insulin levels reduction, gluconeogenesis and glycogenolysis in the liver were promoted, glycogen production in the liver and muscle and glycolysis in the muscle were inhibited (Zhao et al., 2018b). These clues show that bisphenol S is likely to be a diabetogenic agent in zebrafish.




Hybrid Based Methods of Inducing Hyperglycemia

It is also recommended to use a combination of available methods in order to develop a more consistent condition to human diabetes. This approach was also inspired by rodents' studies. Combination of techniques can be promising to develop solid models (Kurup and Bhonde, 2000; Pinhas-Hamiel and Zeitler, 2005; Zhang et al., 2008).


Combined High Cholesterol Diet (HCD) and High Glucose (HG) Environment Model of Hyperglycemia for Larval Zebrafish

Wang et al. (2013) developed a hybrid method so that a HCD (10% cholesterol) was used and fish were exposed to HG (2% glucose) solution, simultaneously similar to some methods used for mice. This method created a manifestation of diabetes by causing vascular disorders. Wild type zebrafish and various transgenic lines have been used in this study. The levels of insulin, glucagon, glucose, triglyceride, and cholesterol increased significantly. The model was responsive to anti-diabetic drugs, such as metformin and pioglitazone (Wang et al., 2013).



Combined High Cholesterol Diet (HCD) and High Glucose (HG) Environment Model of Hyperglycemia for Adult Zebrafish

In another study, Wang et al. (2020) revealed that exposure to 2% glucose solution and consuming 10% cholesterol diet for 19 days induces hyperglycemic state in adult zebrafish. They measured various parameters to achieve a better comprehension of hyperglycemic state related inflammation and apoptosis. While glucose and glucagon levels increased considerably, expression increase of insulin and insulin receptor mRNAs were not significant. These studies reveal that the hybrid approach (HCD-HG) of producing hyperglycemic state in zebrafish exhibits symptoms that are more accurate while exploited in earlier stages of zebrafish life.




Genetic Based Methods of Inducing Hyperglycemia

Genetic manipulation of animals is widely used for a verity of scenarios. Using genetic disease modeling in zebrafish is getting more and more desirable by researchers (Phillips and Westerfield, 2019). Techniques, such as Tol2 (Kwan et al., 2007), clustered regularly interspersed short palindromic repeats (CRISPR) (Cong et al., 2013; Qi et al., 2013), zinc finger nuclease (ZFN) (Doyon et al., 2008), morpholino injection (Partridge et al., 1996), and TALEN (Miller et al., 2011) based methods are popular in generation of a hyperglycemic state.


Zebrafish Tol2 Models of T2DM
 
Tg (acta1: dnIGF1R-EGFP) Transgenic Line or Zebrafish Muscle Insulin Resistance (zMIR) Model of Hyperglycemia

Maddison et al. (2015) made zebrafish insulin resistant by expressing dominant-negative insulin growth factor (IGF) in skeletal muscle that led to β-cell dysfunction, too. These zebrafish showed insulin-signaling disorders, which is similar to the symptoms of T2DM in humans. It was initially associated with an increase in the number of pancreatic β-cells up to the first 6 months (in order to compensate for insulin resistance), which maintained a normal blood glucose. Then, the number of β-cells decreased and got equal to the control group at the end of the first year. Overfeeding was followed by glucose intolerance and an increase in FBS, which indicated pancreatic β-cell vulnerability similar to the symptoms of T2DM. Glucose intolerance progress was slow and there was no change in FBS without over nutrition (Maddison et al., 2015). Long time to exhibit symptoms is the major drawback of this method, but remarkable stability and similarity to the human model are major advantages.



FOXN3 [Tg(fapb10a:foxn3,EGFP)z106 and Tg(fapb10a:FOXN3,EGFP)z107] Models of Hyperglycemia

Karanth et al. (2016) could reach higher blood glucose levels by overexpressing a specific section of the first intron in FOXN3 gene by Tol2 transposon-mediated transgenesis. The gene carrier was determined to have a higher hepatic expression and downregulate in fasting conditions. Overexpressing of the named gene led to an elevated whole larval free glucose and higher adult FBS by hepatic gluconeogenic gene expression and suppression of mycb (human MYC ortholog, which is the expression stimulator of glucose consumer enzymes). Stable hyperglycemia in both larval stage and adulthood is a significant characteristic of this model.



KATP Gain of Function (KATP-GOF) Model of Hyperglycemia

KATP channels in β-cells control membrane excitability by glucose stimulated insulin secretion (Ashcroft and Rorsman, 1990). The channel is expressed in β-cells of zebrafish with similar functionality to their mammalian orthologs as well (Emfinger et al., 2017). In the following study, Emfinger et al. (2019) produced higher blood glucose levels by making gain-of-function mutations in ATP dependent potassium channels of islet β-cells of zebrafish. These fish showed a slow growth and deficient glucose-induced calcium response, too. They used Tol2 transposase insertion to express cytosolic gCAMP6s.




Zebrafish Zinc Finger Nuclease (ZFN) Models of T2DM
 
Type 2 Deiodinase (DIO2) Knockout Model of Hyperglycemia

In previous studies, it has been shown that DIO2 polymorphism is correlated with an increased FBS and insulin levels, insulin resistance, and susceptibility to diabetes (Canani et al., 2005; Dora et al., 2010). They developed two group of zebrafish DIO2 knockdown. The first and the second group were 6–9 and 18–24 months old, respectively. The knockout made the younger group hyperglycemic up to 1-year-old, accompanied with an increase in insulin and glucagon levels and reduction of insulin receptors on skeletal muscle. Older group showed a reduction in the glucagon receptors, glucose transporters, and G6PD. and were normoglycemic unlike the younger group (Houbrechts et al., 2019).




Zebrafish CRISPR Models of Hyperglycemia
 
Multiplex Conditional Mutagenesis Model of Hyperglycemia

Yin et al. (2015) produced hypopigmentation and defects of glucose hemostasis by the inactivation of insulin receptors (insra and insrb) and tyrosinase (tyr) genes, simultaneously. They also targeted ascl1 gene by sgRNAs injection to retinas and revealed a decrease in the number of proliferative cells after exposure to constant, high-intensity light. This model showed a lower FBS, insulin resistance, and post-prandial hyperglycemia eventually.



Leptin Receptor Mutation Model of Hyperglycemia

Leptin is a primary adipostatic factor produced by adipocytes in proportion to adipose mass in mammals. Lack of leptin receptors in mice produces obesity, hyperphagia, hyperinsulinemia, and diabetes (Halaas et al., 1995). Unlike mammals that express leptin receptor in adipose tissue mostly, fish highest expression takes place in the brain, white muscle, liver, and ovaries than adipose tissue (Kurokawa et al., 2005; Rønnestad et al., 2010). Proposed model by Michel et al. (2016) exhibited how leptin receptor signaling effects glucose homeostasis in zebrafish. They showed that mutagenesis of lepr and lepa, but not lepb genes exhibited increased β-cell number and hyperinsulinemia, hyperglucagonemia, and diabetes symptoms in larval stages. They also investigated the possible effects in adulthood but did not find an elevated FBS.



Pdx1 Gene Knockout Model of Hyperglycemia

Pancreatic and duodenal homeobox 1 (Pdx1) is essential for pancreas development and β-cell function (Fujimoto et al., 2009). Homozygous absence of PDX1 gene alleles is the indicator of early onset of T2DM (MODY4), but partial functionality of PDX1 gene increases the risk of T2DM occurrence (Staffers et al., 1997; Macfarlane et al., 1999; Weng et al., 2001).

In a study, it has been shown that CRISPR/Cas9-mediated gene knockout of pdx1 gene in zebrafish is followed by retinopathic symptoms and post-prandial hyperglycemia (Wiggenhauser et al., 2020). This study is considered in the same category within Tables 2, 4 as the PDX1 gene knockdown model of hyperglycemia.



MODY Gene Mutation Model of Hyperglycemia

In a study by Mathews and Gustafsson (2019), the effect of common anti-diabetic drug tolbutamide on five major orthologs of human MODY related genes (gck, hnf1a, hnf1ba, hnf1bb, and pdx1) in zebrafish was assessed. They showed that tolbutamide intervention ameliorated induced a hyperglycemic state significantly. A mixture of high cholesterol diet (4%) and immersion in glucose solution (3%) from 5 to 9 dpf were performed to challenge zebrafish larvae metabolically. More investigations on these mutations solely or in combination are required to assess T2DM characteristics thoroughly.



Aldh3a1 Gene Knockout Model of Hyperglycemia

Methylglyoxal (MG) is the major precursor of advanced glycation end products (AGEs) (Thornalley, 2008) which is degraded by glyoxalase system existing in the cytosol of mammalian cells (Rabbani and Thornalley, 2011). MG can also be degraded by aldo-keto-reductase and aldehyde dehydrogenase (ALDH) (Vander Jagt and Hunsaker, 2003). ALDH 3 families, member A1 (Aldh3a1) generally oxidizes lipid peroxidation aldehydes to carboxylic acids (Pappa et al., 2005). The gene is available in human, mouse, and zebrafish. In zebrafish, the gene shares 61.6% to human ALDH3A1 (Lou et al., 2020). Lou et al. (2020) revealed that aldh3a1−/− knockout in zebrafish is accompanied with an increased whole larval glucose, retinal vasodilatory alterations, and generally impaired glucose metabolism. They also showed a correlation between HbA1c increase and 4-hydroxynonenal (4-HNE). This specific mutant hyperglycemic state was amplified by pdx1 gene silenced mutant and achieved a higher level of free larval glucose accordingly (Lou et al., 2020).



G Protein-Coupled Receptor 27 (Gpr27) Knockout Model of Hyperglycemia

Gpr family is well-conserved among vertebrates (Matsumoto et al., 2000). Among the family members, Gpr27 has shown to be expressed mostly in brain tissue and in several tissues like pancreas, skeletal muscle, and adipose tissue (Lonsdale et al., 2013). It has been revealed that the knockdown of Gpr27 in mouse pancreas caused a declination in insulin promotor activity (Ku et al., 2012). Knock out of the mentioned gene in zebrafish showed consistent results with the mammalian model. The fish did not show high FBS with normal diet, but a significant increase with a high fat diet, as we see in human T2DM state. The fish were also resistant to insulin injection, suggesting insulin resistance condition and a solid model for subsequent studies of T2DM (Nath et al., 2020).



Glyoxalase1 (glo1−/−) Knockout Model of Hyperglycemia

In a study by Lodd et al. (2019), permanent knockout of glyoxalase 1 using CRISPR/Cas9 was performed in order to evaluate long-term effects of the mentioned gene on glucose metabolism and the vascular system in juvenile and adult stages of zebrafish. The knockout model showed increased MG concentrations in the tissue, temporary increased post-prandial glucose, insulin resistance symptoms (p70-S6 kinase activation upregulation), impaired glucose tolerance, and increased retinal blood vessel sprouting after overfeeding suggesting retinopathic susceptibility. The remarkable point of the model is that (glo1−/−) knockout zebrafish are normoglycemic in the fasting condition but also show slower glucose homeostasis after feeding (Lodd et al., 2019). Although the model does not show persistent hyperglycemia and is dependent on overfeeding to show some symptoms, it can potentially be considered as the most well-studied model to study T2DM in zebrafish so far.




Morpholino Injection Models of Hyperglycemia
 
PDX1 Gene Knockdown Model of Hyperglycemia

Kimmel et al. (2015) could achieve a persistent hyperglycemic state in zebrafish by pdx1 gene knockdown utilizing morpholino injection. The model showed reduced β-cell number and insulin levels resulting in a persistent hyperglycemic state. Hyperglycemic state was consistent before feeding started all the way to adult stage. β-cells susceptibility of pdx1 mutants was revealed while larvae were exposed to a high fat diet. Despite revealing persistent hyperglycemia as a notable benefit, not revealing insulin resistance and decrease of β-cell numbers may incline the model to T1DM rather than T2DM, generally. This study is considered to be in the same category within following tables as the Pdx1 gene knockout model of hyperglycemia.



Glucose Transporter 12 (GLUT12) Deficient Model of Hyperglycemia

GLUT12 is generally expressed in insulin-sensitive tissues like heart, skeletal muscle, and adipose tissue. In a study by Jiménez-Amilburu et al. (2015), it is has been shown that the gene is on the same chromosme and mainly expressed in the same tissues as human and zebrafish preserves the same functionality of GLUT12 as human does. Morpholino knockdown of GLUT12 lead to hyperglycemia and insulin restance related genes disruption. Larvae showed a higher expression of GLUT12 in response to insulin injection and zebrafish larvae were also responsive to anti-diabetic drug, metformin.




TALEN Mediated Models of Zebrafish Hyperglycemia
 
Single Insra or Insrb Knockout Model of Hyperglycemia

The insr is considered as a member of the tyrosine kinase receptor subfamily (De Meyts et al., 2008). It has been shown that the targeted disruption of insr gene is followed by neonatal lethality in mice. A 1,000-fold increase in glucose levels after normal feeding showed the seriousness of insr gene in glucose metabolism (Joshi et al., 1996). Unlike humans, zebrafish owns a duplication of insr gene generally referred as insra and insrb. Both revealed to be homologous to human insr gene by 68.3 and 65.1% similarity (Toyoshima et al., 2008). A double knockout of insra and insrb yielded zebrafish death by 16 dpf that was a confirmation to the mouse model study (Yang et al., 2017).

In a subsequent study by Yang et al. (2018) it has been shown that single insra or insrb knockout models of zebrafish showed higher blood glucose, post-prandial hyperglycemia, and increased weight gaining compared to the control group, while being viable unlike the double knockout model. These findings suggest this model to be an interesting model of diabetes research in zebrafish.






METHODS OF MODEL VERIFICATION

A verity of procedures is performed in order to verify hyperglycemic models as T2DM. Most common and acceptable ones are listed below.


Hyperglycemic Outcome

In human, high fasting blood glucose is usually the first indicator of T2DM existence and a clue to further investigations. In the reviewed studies, fasting blood glucose elevation (Gleeson et al., 2007; Connaughton et al., 2016), post-high content diet feeding blood glucose elevation (Yang et al., 2018), post-prandial glucose elevation (Nath et al., 2020), or whole larval glucose elevation (Karanth et al., 2016) are reported as the primary indicator of T2DM existence possibility.

Studies of zebrafish diabetes model can be categorized as adult and larval stage studies. Unlike adult stage, larval stage study of diabetes is limited due to the lack of blood. The suggested solution is homogenizing the larvae and using colorimetric assays to determine whole larval glucose. For adult stage, there are different methods of blood sampling and measuring glucose including tail ablation (Gleeson et al., 2007), decapitation (Eames et al., 2010), blood collection from dorsal aorta (Jagadeeswaran et al., 1999), and cardiac puncture (Moss et al., 2009). Procedure of repetitive non-lethal blood sampling is developed, which sure is a more ethical way of performing such tests (Zang et al., 2013).



Insulin Resistance Test

Insulin resistance is considered as one of the main symptoms of T2DM. In order to show insulin resistance, different approaches were suggested, such as measuring insulin (Meng et al., 2017), measuring insulin receptors (Houbrechts et al., 2019), measuring MG (Moraru et al., 2018), measuring related mediators (Nath et al., 2020), and insulin injection (Connaughton et al., 2016).



Glucose Tolerance Test (GTT)

This test is based on glucose intolerance and can be used as a confirmation test of T2DM model for zebrafish. This test is done in both intraperitoneal and oral forms for adult zebrafish (Kinkel et al., 2010). Due to the lack of blood in the larval stages of zebrafish life, gene expression assays are utilized to assess related genes, such as GLUT (Jiménez-Amilburu et al., 2015) or post-prandial hyperglycemia (Lodd et al., 2019) as an indicator of T2DM.



HbA1c Alternatives Assay

HbA1c in human is considered as a precise marker of diabetes. It is a glycated form of hemoglobin that increases in a hyperglycemic state. Therefore, it can be used as an important verification of diabetes existence (Mostafa et al., 2010). It is possible to extract fructosamine from the eyes of zebrafish and consider its increase as an upregulation of non-enzymatic glycation of proteins and diabetes (Armbruster, 1987; Capiotti et al., 2014). Other compounds, such as 4-hydroxynonenal (4-HNE) (Lou et al., 2020) and MG (Lodd et al., 2019) are proposed as indicators, too.



Anti-diabetic Drug Responsiveness Test

Another method to verify the generated model is to use anti-diabetic drug assessing. This method ensures the existence of the same metabolic pathways as humans, which through drugs can be effective. Glimepiride, metformin (Capiotti et al., 2014), tolbutamide (Mathews and Gustafsson, 2019), and pioglitazone (Wang et al., 1998) are proposed in this segment and can effect glucose metabolism by different mechanisms.



Withdrawal of Inducer Assay/Maintaining Stable Hyperglycemia Overtime

Due to different mechanisms of compatibility to a newer condition, inducing persistent hyperglycemic state is challenging in zebrafish. In different studies, after getting a hyperglycemic state, the inducer is removed and zebrafish is monitored to see how long it takes to get normoglycemic again. The longer the period, the better the induction method (Capiotti et al., 2014). Also, in some genetic studies like 2.5.1.2 method (Karanth et al., 2016) and 2.5.1.3 method (Emfinger et al., 2019), it has been shown that the proposed model can maintain an inert hyperglycemia over long periods of time (both larval and adult stage), promoting these mutant lines to valuable models of hyperglycemic state researches.



Gene Expression Assay/Glucose Homeostasis Enzyme Assay

Glucose homeostasis includes an extensive number of enzymes and factors. It is possible to confirm a model by key enzymes involving related pathways. Insulin signaling pathway-related genes, glycolysis-related genes, gluconeogenesis-related genes (Yang et al., 2018), insulin resistance related genes, and glucose transporters (Jiménez-Amilburu et al., 2015) are proposed to assess and interpret the yielded state thoroughly.



High Content Diet/High Content Water Immersion Challenge

In some studies, it has been suggested to challenge zebrafish after the induction period with food intake or immersion in high content water and determine if there is post-prandial diabetic like symptoms in comparison to a control group. High content diets, such as high calorie diet (Maddison et al., 2015), high carbohydrate diet (Yang et al., 2018), high fat diet (high cholesterol diet) (Kimmel et al., 2015; Nath et al., 2020), high cholesterol water immersion (Yin et al., 2015), or a combination of these (Mathews and Gustafsson, 2019) are proposed to see how much resemblance to human diabetic state is produced as a result of a hyperglycemia inducer agent.




DISCUSSION

Scientists have preferred rodents for diabetes modeling so far. Despite their physiological and biochemical advantages, they also have limitations. The zebrafish model has recently attracted much attention for metabolic and genetic studies. Also for diabetes studies, it represents major similarities to humans. Different approaches were suggested in order to study diabetes. Different approaches for induction of T2DM have been developed including glucose-induced models, diet based methods, chemical methods, genetic methods, and hybrid methods. In 2007, a study of T2DM by modeling in zebrafish was officially initiated (Gleeson et al., 2007). The idea of using glucose in the article was followed by next studies, too. These studies suggest practical and feasible models for studying genetic and physiological pathways involving the occurrence of diabetic symptoms. Obesity induced diabetes is favorable for studies of lipid metabolism in correlation of diabetic syndrome. Combination of these two approaches comes to another model that is proposed to study vascular disorders. The model represents high similarity to human disorders by being responsive to anti-diabetic compounds.

Chemicals penetrate to human body unintentionally and create a variety of side effects. Bisphenol, as a highly usable industrial chemical, was confirmed to produce diabetic symptoms in mice. In zebrafish, two different studies in larval and adult stages imply that this chemical can be used as a suitable diabetogenic reagent. They were also successful to target diabetes related genes in zebrafish and produce persistent hyperglycemia as well. Non-genetic means of hyperglycemia induction can be time consuming in comparison to genetic means. In contrast, they can be easily attained, need far less expensive facility to produce and maintain, and require less expertise to induce. Overall, the best method by our developed scoring table between non-genetic-induced zebrafish model of T2DM was the obesity model of hyperglycemia (Zang et al., 2017).

Initially, it is worth noting that genetic models gain higher scores on average. In this segment, although PDX1 gene knockdown/knockout (Kimmel et al., 2015; Wiggenhauser et al., 2020) gains a high score of eight, this does not reveal insulin resistance symptoms, making this model better suited for studying T1DM (Saberzadeh-Ardestani et al., 2018). The overall best model also lies among the genetic models. The 2.5.3.7 model by Lodd et al. (2019) is a well-studied mutant line of zebrafish for further study of T2DM. Of course, the model is accompanied with major drawbacks like being dependent on overfeeding to manifest T2DM symptoms or not assessing insulin resistance directly, however, it is the best evaluated model of hyperglycemia referred as T2DM in zebrafish overall.

Moreover, this systematic review article introduced eight procedures that have been exploited in order to verify hyperglycemic models as T2DM. Considering using larval or adult model, various evaluation tests have been used in T2DM zebrafish models. Furthermore, for selecting the appropriate tests, the types of the models of T2DM, non-genetic-induced zebrafish model, and/or genetic-induced zebrafish model must be considered. These methods are within good and bad prospects. They should be utilized by consideration of study purposes, facility, and related professional experiences of researchers.



FUTURE INSIGHTS

All the efforts are aimed to find the absolute pathophysiology of diabetes mellitus and propose a definitive cure. Animal modeling is still the leading resembling platform to study diseases and cures. As we have seen in this systematic review, zebrafish has served as a valuable model due to its exceptional characteristics. Different models are summoned, reviewed, and compared with each other and human as well. All models reveal strengths and weaknesses. It is possible to design and score new models of zebrafish with the current scoring system. Due to the development of new tools for genetic manipulation and disease induction, it is expected from the zebrafish model of T2DM to play a key role in attaining definitive cure and accelerate the research process considerably. In addition, integration of the current modeling of T2DM with new technologies, such as microfluidics by using zebrafish embryo, fish-on-a-chip, computational drug screening, and three-dimensional image analysis will facilitate for finding therapeutic approaches for this syndrome.
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Unlike mammals, zebrafish can regenerate injured hearts even in the adult stage. Cardiac regeneration requires the coordination of cardiomyocyte (CM) proliferation and migration. The TGF-β/Smad3 signaling pathway has been implicated in cardiac regeneration, but the molecular mechanisms by which this pathway regulates CM proliferation and migration have not been fully illustrated. Here, we investigated the function of TGF-β/Smad3 signaling in a zebrafish model of ventricular ablation. Multiple components of this pathway were upregulated/activated after injury. Utilizing a specific inhibitor of Smad3, we detected an increased ratio of unrecovered hearts. Transcriptomic analysis suggested that the TGF-β/Smad3 signaling pathway could affect CM proliferation and migration. Further analysis demonstrated that the CM cell cycle was disrupted and the epithelial–mesenchymal transition (EMT)-like response was impaired, which limited cardiac regeneration. Altogether, our study reveals an important function of TGF-β/Smad3 signaling in CM cell cycle progression and EMT process during zebrafish ventricle regeneration.
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INTRODUCTION

Myocardial infarction (MI) is a major cause of mortality worldwide (Virani et al., 2020). Adult mammalian hearts cannot replenish the large number of cardiomyocytes (CMs) that are lost due to MI, and the loss of CMs eventually leads to heart failure (Porrello et al., 2011). In contrast, zebrafish can effectively regenerate injured hearts through the dedifferentiation, proliferation, and migration of pre-existing CMs (Poss et al., 2002; Jopling et al., 2010; Itou et al., 2012).

Cardiomyocyte proliferation after injury is usually accompanied by the disassembly of sarcomere (Zhang et al., 2013; Uribe et al., 2018) and the re-expression of cardiogenic genes, such as nkx2.5, gata4, and hand2, which suggests the occurrence of CM dedifferentiation (Zhang et al., 2013). Mammalian CMs retain the ability to proliferate only for a short period after birth (Naqvi et al., 2014; Mahmoud and Porrello, 2018; Ye et al., 2018; Zhu et al., 2018), and the exact mechanism by which this ability is lost is still unclear (Soonpaa et al., 1996; Patterson et al., 2017). Cell migration is also necessary for cardiac regeneration (Itou et al., 2012), and ventricular and atrial CMs can migrate into and replenish injured areas (Kikuchi et al., 2010; Zhang et al., 2013). Epicardial cells can also enter the myocardial layer through the process of epithelial–mesenchymal transition (EMT), during which the expression of EMT marker genes, such as snail, twist, and vimentin, are upregulated (Lepilina et al., 2006; Kim et al., 2010). However, the regulation of cell migration and how it coordinates with other cellular processes, such as cell proliferation, during cardiac regeneration remain largely unknown.

The TGF-β signaling pathway regulates the differentiation, proliferation, and migration of a variety of cell types during cardiovascular development (Azhar et al., 2003) and is also vital for cardiac regeneration (Chablais and Jazwinska, 2012; Choi et al., 2013). The expression of tgfb1, tgfb2, and tgfb3 is upregulated in injured hearts (Chablais and Jazwinska, 2012). Activated by integrins, proteases, or matrix proteins (Chablais and Jazwinska, 2012), latent Tgfβ proteins in the extracellular matrix are released from complexes, bind to the Tgfbr2 and Tgfbr1 receptors on cell membranes, and then activate downstream Smad-dependent or Smad-independent signaling pathways (Engel et al., 1999; Yu et al., 2002; Bujak et al., 2007). The TGF-β/Smad-dependent signaling pathway is activated in a model of MI (Bujak et al., 2007), and Smad3 and Smad2 exert opposite effects in multiple cellular processes (Dogra et al., 2017; Sato et al., 2019). The mechanism by which the TGF-β/Smad3 signaling specifically affects CM proliferation and migration warrants detailed investigation.

In this study, we used a zebrafish model of ventricular ablation to determine the function of the TGF-β/Smad3 signaling pathway in cardiac regeneration. Multiple components of this pathway were upregulated/activated after injury. Treatment with SIS3, a specific inhibitor of Smad3, increased the ratio of unrecovered hearts. RNA-seq data suggested that the TGF-β/Smad3 signaling pathway was involved in multiple processes during regeneration. Further analysis revealed that the cell cycle progression and EMT-like response of CMs were impaired upon inhibition of Smad3, which led to the failure of cardiac regeneration. In conclusion, our study provides novel insights into the role of the TGF-β/Smad3 signaling pathway in regulating cardiac regeneration.



RESULTS


TGF-β/Smad3 Signaling Is Activated During Zebrafish Ventricular Regeneration

We first examined the involvement of the TGF-β/Smad3 signaling pathway in a model of larval ventricular regeneration using the transgenic line Tg(vmhc:mCherry-NTR), which exhibits injury and death of ventricular CMs after ablation with metronidazole (MTZ) treatment at 3 days post-fertilization (dpf) (Zhang et al., 2013). Whole-mount in situ hybridization (WISH) showed that multiple TGF-β ligands, including tgfb1a, tgfb1b, tgfb2, and tgfb3, were strongly expressed in the ablated hearts at 5 dpf/2 days post-treatment (dpt), whereas their expressions in the control hearts were very weak (Figures 1A–D′), whose signals could not be seen under the same staining condition as ablated group but showed up after extended staining. Similarly, the gene expressions of TGF-β receptors alk5a, alk5b, and cofactor smad3a were also dramatically upregulated in the ablated hearts (Figures 1E–G′). Immunofluorescence staining showed that the number of cells expressing phospho-Smad3, the active form of R-SMAD, was dramatically increased in the ablated hearts compared with the control hearts at 5 dpf/2 dpt (Figures 1H,I, 78.0 ± 8.6 vs. 9.1 ± 1.4 per heart, N = 11 and 8, respectively). The pSmad3-positive cells were not restricted in the myocardium only but also located in the epicardium and the outflow tract (OFT). Overall, these results indicated that the TGF-β/Smad3 signaling pathway was activated during zebrafish ventricular regeneration.
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FIGURE 1. TGF-β/Smad3 signaling is activated during zebrafish ventricular regeneration. (A–G′) Whole-mount in situ hybridization showing that the expression of components of the TGF-β signaling pathway, tgfb1a, tgfb1b, tgfb2, tgfb3, alk5a, alk5b, and smad3a, was upregulated in the ablated hearts (A′–G′) compared with that in the control hearts (A–G) at 5 dpf/2 dpt. Dashed lines outline the hearts. (H–H′) Representative immunostaining images of Tg(vmhc:mCherry-NTR) hearts showing that phospho-Smad3 signal was increased in the ablated hearts (H′) than in the control hearts (H) at 5 dpf/2 dpt. Green, anti-pSmad3; red, MF20 (anti-MHC). (I) Quantification of phospho-Smad3-positive cells in the control and ablated hearts at 5 dpf/2 dpt (N = 8 and 11, respectively). Mean ± s.e.m., Student’s t-test, two-tailed, ****P < 0.0001. Scale bars, 50 μm. dpf, days post-fertilization; dpt, days post-treatment; atr., atrium; oft., out flow tract; vent., ventricle.




Inhibition of the TGF-β/Smad3 Signaling Pathway Impedes Ventricular Regeneration

After ventricle ablation, most hearts could fully regenerate and contract normally like the control hearts at 7 dpf/4 dpt (Figures 2A,B, type 1). The unrecovered hearts could be classified into two categories based on their cardiac morphology: one category included hearts with tiny shrunken or elongated ventricles (Figure 2C, type 2), and one category included hearts with partially regenerated ventricles (Figure 2D, type 3), presumably due to failure in CM proliferation and/or migration. The percentages of the different types of regenerated hearts at 7 dpf/4 dpt were 73, 17, and 9%, and 1% of the larvae died (Figure 2G, N = 221).
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FIGURE 2. Inhibition of TGF-β/Smad3 signaling pathway impedes ventricular regeneration. (A–D) Representative fluorescence images showing the morphology of control Tg(myl7:lifeact-eGFP; vmhc:mCherry-NTR) hearts (A) and three types of ablated hearts at 7 dpf/4 dpt, fully regenerated ventricle (B, type 1), tiny ventricle (C, type 2), and partially regenerated ventricle (D, type 3). (E,F) Quantification of the heart regeneration ratio at 7 dpf/4 dpt in the ablated larvae with different length of SIS3 treatment. The numbers of larvae analyzed for each condition are indicated above the chart. Chi-square test, ****P < 0.0001. (G,H) Pie charts show cardiac morphology classification in the ablated larvae without (G) or with a 48-h SIS3 treatment (H) at 4 dpt. N = 221 and 119, respectively. (I,J) Representative immunostaining images of Tg(vmhc:mCherry-NTR) hearts showing that phospho-Smad3 signal was decreased in the ablated hearts at 5 dpf/2 dpt upon a 48-h SIS3 treatment (J). Green, anti-pSmad3; red, MF20 (anti-MHC). (K) Quantification of phospho-Smad3-positive cells in the ablated hearts without or with a 48-h SIS3 treatment at 5 dpf/2 dpt (N = 11 and 8, respectively). Mean ± s.e.m., Student’s t-test, two-tailed, ****P < 0.0001. (L–N) Transcriptomic analysis revealed differentially expressed genes involved in cell differentiation, cell cycle, and migration. Scale bars, 50 μm. dpf, days post-fertilization; dpt, days post-treatment; atr., atrium; oft., out flow tract; vent., ventricle.


To investigate the role of the TGF-β signaling pathway in cardiac regeneration, we acquired a tgfb1a–/– mutant line (Xing et al., 2015) and generated a tgfb1b–/– mutant line via CRISPR/Cas9 technique. The tgfb1b–/– mutant possessed a 5-bp deletion in the first exon of genomic DNA, which presumably resulted in a truncated peptide product of 62 aa instead of the full-length protein of 379 aa (Supplementary Figures 1A,B). The cardiac development and morphology appeared normal in both tgfb1a–/– and tgfb1b–/– single mutants, and mutation of either tgfb1 homolog seemed to have no inhibitory effect on the recovery of the injured ventricles (Supplementary Figures 1C–F). Homozygous tgfb1a–/–; tgfb1b–/– mutants were indistinguishable from their siblings in embryonic stages, but we failed to acquire adult homozygous double mutants. Careful examination revealed a subset of juvenile fish with shorter body length and lower body weight in a population of mixed genotypes (Supplementary Figures 2A–F). These fish were prone to death and confirmed as homozygous tgfb1a–/–; tgfb1b–/– mutants via genotyping using tailfin genomic DNA (Supplementary Figure 2G). Therefore, we used several pharmacological inhibitors targeting different components of TGF-β signaling, including SIS3, SB431542, and LY364947 (Sethi et al., 2011), to examine the function of TGF-β signaling in ventricular regeneration. All three inhibitors dramatically reduced the percentages of recovered hearts at 7 dpf/4 dpt (Supplementary Figure 3A).

Next, we focused on the effect of SIS3, a selective Smad3 inhibitor that attenuates Tgfβ1-dependent Smad3 phosphorylation and DNA binding (Jinnin et al., 2006; Denis et al., 2016). A 24-h treatment scheme revealed that SIS3 treatment at 0–1 and 1–2 dpt significantly reduced the ventricle recovery ratio from 76 to 17% and 45% at 7 dpf/4 dpt, respectively, while SIS3 treatment at 2–3 and 3–4 dpt had no obvious effect (Figure 2E). The most dramatic impact was observed after the 48-h SIS3 treatment at 0–2 dpt, in which the recovery ratio decreased to 5% (Figure 2F). Forty-four percent of the larvae showed tiny ventricles, 27% had partially regenerated ventricles, and the other 24% died (Figure 2H and Supplementary Figure 4). Immunofluorescence staining of phospho-Smad3 and phospho-Smad1/5/9 was performed to confirm the specificity of the SIS3 treatment. Although the numbers of both pSmad3-positive cells and pSmad1/5/9-positive cells increased in the myocardium, epicardium, and OFT of regenerating hearts after ventricle ablation, SIS3 specifically inhibited the phosphorylation of Smad3 but not the phosphorylation of Smad1/5/9 (Figures 2I–K and Supplementary Figures 5, 6).

To explore the function of Smad3 in ventricular regeneration, we carried out transcriptomic analysis using four pools of approximately 600, 800, 1,200, and 6,500 manually dissected hearts from the control, SIS3-treated control, ablated, and SIS3-treated ablated groups, considering that fewer CMs remained in the SIS3-treated ablated hearts. Differentially expressed genes were enriched with gene ontology (GO) terms associated with cell differentiation [gata4 (Denis et al., 2016)], cell proliferation [plk1 (Jopling et al., 2010), tnni3k (Patterson et al., 2017), and erh (Weng and Luo, 2013)], and cell migration in wound healing [tmsb4x (Bock-Marquette et al., 2004) and fn (Trinh and Stainier, 2004; Valiente-Alandi et al., 2018)] (Figures 2L–N). Taken together, our results suggest that the TGF-β/Smad3 signaling pathway is required for ventricular regeneration and may be involved in multiple processes during regeneration.



Smad3 Inhibition Has Limited Effects on Sarcomere Disassembly and Cardiogenic Factor Reactivation During Regeneration

Previous reports showed sarcomere disassembly occurred in the injured hearts, which allowed CM to proliferate (Jopling et al., 2010; Zhang et al., 2013). To examine the effect of Smad3 inhibition on sarcomere structure, we used Tg(myl7:actinin-EGFP) transgenic fish to observe the morphological changes in sarcomeres during ventricle regeneration (Figures 3A–D′). While the control and SIS3-treated control hearts displayed intact striated sarcomeres, SIS3-treated ablated hearts showed a pattern of sarcomere disarray similar to that in the ablated hearts at 4 dpf/1 dpt. These results suggested that Smad3 inhibition did not affect cardiac regeneration by blocking sarcomere disassembly.
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FIGURE 3. Smad3 inhibition has limited effects on sarcomere disassembly and cardiogenic factor reactivation during regeneration. (A–D′) Representative fluorescence images of Tg(vmhc:mCherry-NTR; myl7:actinin-eGFP) hearts at 4 dpf/1 dpt indicate that sarcomere disassembly occurred in the ablated hearts (C,C′) and SIS3-treated ablated hearts (D,D′). (A′–D′) Enlargement of box areas in panels (A–D), green channel only. (E–P) Whole-mount in situ hybridization showing the expression level changes of cardiogenic factors nkx2.5, gata4, and tbx5a during regeneration. Smad3 inhibition via SIS3 treatment could abolish the reactivation of nkx2.5 at 5 dpf/2 dpt (G,H) but has no effect on the reactivation of gata4 and tbx5a (K,L,O,P). Dashed lines outline the hearts. Scale bars (A–D,E–P) 50 μm and (A′–D′) 20 μm. dpf, days post-fertilization; dpt, days post-treatment; atr., atrium; oft., out flow tract; vent., ventricle.


Cardiac regeneration was also accompanied by reactivation of cardiogenic genes. WISH showed that the expressions of cardiogenic transcription factors, such as nkx2.5, gata4, and tbx5a, were significantly increased in the ablated hearts. Smad3 inhibition via SIS3 treatment abolished the reactivation of nkx2.5 at 5 dpf/2 dpt; however, it had no obvious effect on the reactivation of gata4 and tbx5a (Figures 3E–P). These results suggested that Smad3 inhibition had a limited effect on cardiogenic factor reactivation during ventricle regeneration.



Smad3 Inhibition Reduces Cardiomyocyte Proliferation Through Cell Cycle Arrest During Regeneration

To observe CM proliferation in real time during ventricle regeneration, we acquired the transgenic line Tg(myl7:mAG-zGeminin), which uses fluorescent ubiquitylation-based cell cycle indicator (FUCCI) technology (Sakaue-Sawano et al., 2008) that can label CMs in the S/G2/M phases with green fluorescence (Figures 4A–E and Supplementary Figure 7). zGem+ CMs could be observed in the control hearts at 4 and 5 dpf, mainly in the ventricle due to trabecular initiation and growth at this time point. After ventricle ablation, the number of zGem+ CMs in the ablated hearts, in both the ventricle and atrium, was dramatically increased compared with that in the control hearts (35.1 ± 3.9 vs. 20.7 ± 2.8 at 4 dpf/1 dpt, N = 14 and 12, respectively; 32.2 ± 5.8 vs. 8.9 ± 2.2 at 5 dpf/2 dpt, N = 13 and 13, respectively). Surprisingly, Smad3 inhibition did not significantly reduce the number of zGem+ CMs in the SIS3-treated ablated hearts (28.6 ± 4.9 at 4 dpf/1 dpt, N = 11; 33.0 ± 6.9 at 5 dpf/2 dpt, N = 12), which is contradictory to a previous report that Smad3 inhibition impaired CM proliferation (Dogra et al., 2017). Our results also showed that SB431542 treatment reduced EdU incorporation in CMs at 5 dpf/2 dpt (Supplementary Figures 3B–D). Thus, we examined the change of CM number during regeneration with or without SIS3 treatment using Tg(myl7:H2B-EGFP) transgenic fish, which specifically labeled CM nucleus (Figures 4F–N and Supplementary Movies 1–4). The CM numbers were similar in ablated and SIS3-treated ablated groups at the beginning (118.3 ± 9.9 vs. 125.9 ± 12.6 at 4 dpf/1 dpt, 133.1 ± 11.6 vs. 120.8 ± 12.8 at 5 dpf/2 dpt, N = 8 for each group). However, the CM number increased in ablated group along with progression of regeneration, but it remained unchanged or even declined in SIS3-treated ablated group with statistically significant differences (165.1 ± 11.1 vs. 111.4 ± 15.5 at 6 dpf/3 dpt, 227.3 ± 25.9 vs. 104.4 ± 13.8 at 7 dpf/4 dpt, N = 8 for each group).
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FIGURE 4. Smad3 inhibition affects CM proliferation during regeneration. (A–D) Representative fluorescence images of Tg(vmhc:mCherry-NTR; myl7:mAG-zGeminin) larvae with immunostaining of MF20 (anti-MHC) at 5 dpf/2 dpt showing zGeminin-positive CMs in the control or ablated hearts without or with SIS3 treatment. (E) Quantification of zGeminin-positive CM number in the control or ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. N = 13, 18, 13, and 12, respectively. Mean ± s.e.m., Student’s t-test, two-tailed; ns, non-significant; ***P < 0.001, ****P < 0.0001. (F) Quantification of CM nucleus number in the ablated hearts without or with SIS3 treatment at various time points. N = 8 for each group. Mean ± s.e.m., Student’s t-test, two-tailed; ns, non-significant; ***P < 0.001, ****P < 0.0001. (G–N) Representative fluorescence images of Tg(vmhc:mCherry-NTR; myl7:H2B-EGFP) ablated hearts without or with SIS3 treatment at various time points showing the change of CM nucleus number. (O–P″) Representative fluorescent images of Tg(vmhc:mCherry-NTR) hearts with immunostaining of phospho-histone H3 (white), MF20 (red), and EdU (green) in the ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. (O,P) Maximal projections of z-stack images, overlay of three channels. (O′,P′) Optical sections of enlargement of box area in panels (O,P), overlay of red and green channels. (O″,P″) Optical sections of enlargement of dashed box area in panels (O,P), overlay of red and white channels. Arrowheads point to EdU+ CMs; arrow points to pH3+ CMs. (Q) Quantification of pH3-positive CM number in the control or ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. N = 6, 11, 10, and 10, respectively. Mean ± s.e.m., Student’s t-test, two-tailed, *P < 0.05, **P < 0.01. (R) Quantification of EdU-positive CM number in the control or ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. N = 6, 10, 9, and 11, respectively. Mean ± s.e.m., Student’s t-test, two-tailed, ***P < 0.001, ****P < 0.0001. Scale bars, 50 μm. dpf, days post-fertilization, dpt, days post-treatment; atr., atrium; oft., out flow tract; vent., ventricle; CM, cardiomyocyte.


To resolve this discrepancy, we examined CM proliferation after Smad3 inhibition during ventricular regeneration using traditional phospho-histone H3 (pH3) immunostaining as well as pulsed EdU incubation and staining (Figures 4O–R). The results showed that the number of pH3+ CMs (Figure 4O′, arrowheads) was increased in the ablated hearts (6.9 ± 1.5, N = 10) compared with the control hearts (4.2 ± 1.4, N = 6). Upon SIS3 treatment, although there were still strong pH3 signals in the non-CMs (Figure 4P), the number of pH3+ CMs decreased in the SIS3-treated control hearts (1.0 ± 0.2, N = 11) and SIS3-treated ablated hearts (2.8 ± 0.4, N = 10) (Figure 4Q). EdU staining exhibited a similar pattern (Figure 4O″, arrow). SIS3 treatment reduced the number of EdU+ CMs in both the control hearts (28.2 ± 2.6 vs. 14.9 ± 1.4, N = 6 and 10, respectively) and the ablated hearts (48.1 ± 4.5 vs. 17.5 ± 3.9, N = 9 and 11, respectively) (Figure 4R), which was consistent with a previous report (Dogra et al., 2017).

We noticed that the number of zGem+ CMs was slightly lower, though not statistically significantly lower, in the control hearts treated with SIS3 for 24 h than in those not treated with SIS3 at 4 dpf (Supplementary Figure 7E, 13.7 ± 1.7 vs. 20.7 ± 2.8, N = 9 and 12, respectively). However, when the SIS3 treatment was extended to 48 h, the number of zGem+ CMs in the control hearts dramatically increased at 5 dpf (Figure 4E, 27.3 ± 3.0 vs. 8.9 ± 2.2, N = 18 and 13, respectively). zGem+ cells are in the middle-to-late S phase, G2 phase, and early-to-middle M phase of the cell cycle, while transient EdU labeling and pH3 staining indicate cells in the S and M phases, respectively (Choi et al., 2013). Thus, we speculated that SIS3 treatment may cause cell cycle arrest at the G2 phase. We co-stained Tg(myl7:mAG-zGeminin) for EdU and pH3 simultaneously (Supplementary Figure 8) and subtracted the numbers of zGem+/EdU+ CMs and zGem+/pH3+ CMs from the total number of zGem+ CMs in the same heart. The results revealed that the number of zGem+/pH3–/EdU– CMs was significantly increased in the control hearts after SIS3 treatment at 5 dpf (51.5 ± 5.7 vs. 23.7 ± 3.3, N = 13 and 11, respectively), suggesting that Smad3 inhibition via SIS3 treatment may block CM proliferation through cell cycle arrest.



Smad3 Inhibition Impairs Cardiomyocyte Migration by Weakening the Epithelial–Mesenchymal Transition-Like Response During Regeneration

It has been reported that CM migration occurs during cardiac regeneration (Itou et al., 2012; Tahara et al., 2016) and that CMs undergo EMT-like response in a mouse cardiac infarction model (Aharonov et al., 2020). Thus, it is of great interest to explore if CMs acquire EMT-like response during ventricle regeneration as well as the roles of the TGF-β/Smad3 signaling pathway in this process. We first examined the expression of the EMT marker Twist1b, a transcription factor that plays an essential role in metastasis (Yang et al., 2004). The average fluorescence intensity of the Twist1b protein in the ablated hearts was much higher than that in the control hearts (Supplementary Figure 9). WISH showed that twist1b gene expression was upregulated in the ablated hearts compared with the control hearts and that SIS3 treatment abolished this upregulation (Figures 5A–D).
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FIGURE 5. Smad3 inhibition reduces twist expression and Snail-positive CM number during regeneration. (A–D) Whole-mount in situ hybridization showing the expression level change of the EMT marker twist1b during regeneration. Smad3 inhibition via SIS3 treatment reduced the upregulation of twist1b at 5 dpf/2 dpt. Dashed lines outline the hearts. (E–H″) Representative fluorescent images of Tg(vmhc:mCherry-NTR; flk:GFP) hearts with immunostaining of Snail (white), MF20 (red), and DAPI (blue) in the control or ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. (E–H) Maximal projections of z-stack images, overlay of red and white channels; yellow dashed lines outline the ablated area. (E′–H′) Optical sections of panels (E–H), overlay of four channels. (E″–H″) Enlargement of box area in panels (E′–H′); arrowheads point to extruding Snail+ CMs into the outer layer. (I) Quantification of Snail+ CM number in the ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. N = 6 and 8, respectively. Mean ± s.e.m., Student’s t-test, two-tailed, *P < 0.05. Scale bars, (A–D) 50 μm, (E–H′) 20 μm, and (E″–H″) 10 μm. dpf, days post-fertilization, dpt, days post-treatment; atr., atrium; oft., out flow tract; vent., ventricle; CM, cardiomyocyte; EMT, epithelial–mesenchymal transition.


Next, we examined the expression of Snail, another transcription factor and EMT marker (Wu and Zhou, 2010). Immunostaining showed that Snail+ CMs were uniformly distributed in the ventricles of the control hearts (Figure 5E and Supplementary Movie 5) and SIS3-treated control hearts (Figure 5F and Supplementary Movie 6). In the ablated hearts, Snail+ CMs accumulated around the lost area in the ventricle and scattered throughout the atrium (Figure 5G and Supplementary Movie 7). Further analysis demonstrated that Snail+ CMs were distributed in both the ventricular compact layer and trabecular layer in the control hearts (Figures 4E′,E″), which was consistent with trabecular formation at this stage. In the ablated hearts, the number of Snail+ CMs in the trabecular layer decreased, while the number in the compact layer and atrium slightly increased (Supplementary Figure 10), and Snail+ CMs frequently extruded from the myocardium into the outer layer (Figures 4G′,G″, arrowheads). Smad3 inhibition via SIS3 treatment reduced the number of Snail+ CMs in the whole ablated hearts at 5 dpf (Figure 5I, 56.0 ± 4.0 vs. 72.8 ± 4.0, N = 8 and 6, respectively), and Snail+ CMs often located away from the lost area (Figure 5H and Supplementary Movie 8). Snail+ CM number reduction was also observed after SB431542 treatment (Supplementary Figures 3E–G).

We also examined the changes in the expression of other EMT markers during ventricle regeneration after Smad3 inhibition. WISH of vimentin, a gene encoding an intermediate filament protein that is important for cell migration, revealed that its upregulation in the ablated hearts could also be abolished by SIS3 treatment (Figures 6A–D). Immunostaining of N-cadherin (Figures 6E–N), a cellular adhesion molecule that is vital for cell contact and migration, demonstrated regular punctate N-cadherin distribution along the lateral side of CMs in the trabecular and compact layers in the control hearts (Figures 6E–E″,I–I″′, arrowheads). In the ablated hearts, the N-cadherin signal was absent in CMs adjacent to the ablated area (Figures 6G–G″, open arrowheads) or displayed an irregularly dispersed distribution in other areas (Figures 6K–K″′, arrows). Interestingly, we observed a much thicker outer layer with N-cadherin signal but no myocardial markers in the ablated hearts than in the control hearts, and the identity and physiological function of this layer remain to be explored. SIS3 treatment did not globally affect the distribution of N-cadherin (Figures 6H–H″,L–L″′), although the average fluorescence intensity of N-cadherin in the SIS3-treated ablated hearts increased (Figure 6M). The thickness of the outer layer was also reduced in the ablated hearts after SIS3 treatment (Figure 6N). Taken together, our results indicated that CMs possessed EMT-like response during cardiac regeneration and that Smad3 inhibition via SIS3 treatment weakened the EMT-like response, which may lead to CM migration defect.
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FIGURE 6. Smad3 inhibition affects vimentin and N-cadherin expression during regeneration. (A–D) Whole-mount in situ hybridization showing the expression level change of vimentin during regeneration. Smad3 inhibition via SIS3 treatment reduced the upregulation of vimentin at 5 dpf/2 dpt. Dashed lines outline the hearts. (E–H″) Maximal projection images of Tg(vmhc:mCherry-NTR) hearts showing surface view of N-cadherin immunostaining (green) in the control or ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. (E′–H′) Enlargement of box area in panels (E–H). (E″–H″) Green channel only. Yellow dashed lines outline the ablated areas; open arrowheads point to N-cadherin-absent CMs adjacent to the ablated areas. (I–L″′) Optical section images of Tg(vmhc:mCherry-NTR) hearts showing the cross-section view of N-cadherin immunostaining (green) in the ventricle. (I″–L″) Enlargement of box area in panels (I–L). (I′–L′,I″′–L″′) Green channel only. Arrowheads point to regular punctate N-cadherin distribution; arrows point to irregularly dispersed N-cadherin distribution; white lines outline the outer layer without CM marker. (M) Quantification of average fluorescence intensity of N-cadherin immunostaining in the ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. N = 7 and 5, respectively. Mean ± s.e.m., Student’s t-test, two-tailed, **P < 0.01. (N) Quantification of the outer layer width of N-cadherin immunostaining in the ablated hearts without or with SIS3 treatment at 5 dpf/2 dpt. N = 7 and 5, respectively. Mean ± s.e.m., Student’s t-test, two-tailed, *P < 0.05. Scale bars, (A–D) 50 μm, (E–H) 20 μm, (E′–H″,I″–L″′) 5 μm, (I–L′) 10 μm. dpf, days post-fertilization, dpt, days post-treatment; atr., atrium; oft., out flow tract; vent., ventricle; CM, cardiomyocyte.




DISCUSSION

The TGF-β/Smad3 signaling pathway has been reported to be vital for scar resolution in an adult zebrafish model of heart cryoinjury (Chablais and Jazwinska, 2012), and our results indicated that this pathway was activated after ventricle ablation and played important roles in ventricle regeneration. The exacerbation of different types of unrecovered hearts after SIS3 treatment and the transcriptomic analysis suggested that TGF-β/Smad3 signaling may affect CM proliferation and migration. Further examination revealed that Smad3 inhibition caused cell cycle arrest and weakened the EMT-like response during regeneration. However, since the control hearts still develop and undergo trabeculation at this stage, we have interpreted the data with extra caution by comparing different compartments of the heart including the ventricular trabecula, compact layer, and atrium.


The Reactivation of nkx2.5 Was Repressed by Smad3 Inhibition

During cardiac regeneration, cardiogenic transcription factors, such as nkx2.5, gata4, and tbx5a, are reactivated (Zhang et al., 2013); and inhibition of the Notch signaling pathway abolishes the reactivation of these factors (Li et al., 2020). However, our study revealed that Smad3 inhibition via SIS3 treatment only repressed the expression of nkx2.5 but not the expression of other cardiogenic transcription factors, suggesting a more specific function of the TGF-β/Smad3 signaling pathway in ventricle regeneration. It has been reported that inhibition of the TGF-β signaling pathway by A83-01 promotes the proliferation and differentiation of nkx2.5+ CMs and improves cardiac function after MI (Chen and Wu, 2012; Chen et al., 2015). A83-01 inhibits the ALK5, ALK4, and ALK7 receptors, blocking the phosphorylation and activation of Smad2. In contrast, SIS3 attenuates TGFβ1-dependent Smad3 phosphorylation but has no effect on Smad2 (Jinnin et al., 2006; Denis et al., 2016). Considering the opposing roles of Smad2 and Smad3 in CM proliferation during development (Dogra et al., 2017), we speculate that Smad2 and Smad3 also have opposing functions in nkx2.5 reactivation and CM proliferation during ventricle regeneration, which warrants further investigation if specific Smad2 antibodies become available.



Cardiomyocyte Cell Cycle Arrest by Smad3 Inhibition

The FUCCI system can reveal cell cycle progression in real time (Sakaue-Sawano et al., 2008); thus, we used the transgenic line Tg(myl7:mAG-zGeminin) to label CMs in the S/G2/M phases. CM proliferation in the control hearts was mainly in the ventricle due to trabecular initiation and growth. However, zGem+ CMs in the ablated hearts, mainly in the atrium, remained fluorescent after Smad3 inhibition. The number of zGem+ CMs was not changed after a 24-h SIS3 treatment but was significantly increased in the 48-h SIS3-treated control hearts at 5 dpf. Through co-staining with pH3 and transient EdU labeling in the same heart, we revealed that the number of zGem+/pH3–/EdU– CMs increased, suggesting cell cycle arrest at G2 phase. It has been reported that the TGF-β signaling inhibitor SB431542 causes CM cell cycle arrest at the G2/M phase through p27 inhibition (Yang et al., 2010; Mohamed et al., 2018). We found no difference in the expression of p27 in the SIS3-treated hearts compared with the control hearts (data not shown). This result may occur due to the low basal expression level of p27, making it difficult to detect a reduction after SIS3 treatment.



Cardiomyocyte Epithelial–Mesenchymal Transition-Like Response Is Reduced by Smad3 Inhibition

Cardiac regeneration requires coordination between CM proliferation and migration, and cardiac regeneration in both mammalian and zebrafish is accompanied by CM migration (Jopling et al., 2010; Kikuchi et al., 2010; Kim et al., 2010; Itou et al., 2012). How the EMT-like process plays a role in CM migration during regeneration remains to be explored. We discovered that the expression of the EMT marker twist1b was increased in the ablated hearts compared with the control hearts. CMs that express Snail, which is another EMT marker, were mainly distributed in the trabecular layer due to trabeculation in the control hearts at this stage (Cherian et al., 2016), while in the ablated hearts, Snail+ CMs were enriched near the wounded area and scattered in the atrium. Interestingly, a few Snail+ CMs extruded from the myocardium into the outer layers, which were multiple cells thick in the ablated hearts, as revealed by N-cadherin and DAPI staining, instead of the single epicardial layer observed in the control hearts. The localization of N-cadherin also changed from a regular punctate distribution on the lateral side of the compact layer in the control hearts to an absent or irregular distribution in the ablated hearts, suggesting that CMs were ready to migrate. Smad3 inhibition abolishes twist1b upregulation, reduces Snail+ CM numbers, and increases N-cadherin expression, thus weakening EMT-like response during regeneration. It has been reported that after ventricle resection in newt, a subset of CMs with proliferative abilities migrates toward the epicardium and apex through transformation and then embeds into the regeneration-specific matrix to repair the damaged area (Mercer et al., 2013). We hypothesize that during ventricle regeneration in zebrafish, a subset of CMs also undergoes an EMT process and migrates into the extracellular matrix located between the myocardium and epicardium to enter the ablated area. Conventional confocal technique is not able to document this dynamic process in vivo; advanced microscopy, such as light-sheet microscopy with low phototoxicity and photobleaching effect for long-term imaging, combined with novel reporter lines is required for further investigation of migration during zebrafish heart regeneration.

In conclusion, we show that the TGF-β/Smad3 signaling pathway participates in CM cell cycle progression and EMT process during ventricle regeneration, and we lay a foundation for the development of novel therapeutic strategies for MI in the future.



MATERIALS AND METHODS


Zebrafish Husbandry

All zebrafish were raised under standard conditions in accordance with institutional and national animal welfare guidelines. The transgenic lines used in this study were as follows: Tg(vmhc:mCherry-NTR), Tg(flk:GFP), Tg(myl7:actinin-EGFP), Tg(myl7:H2B-EGFP), Tg(myl7:lifeact-EGFP), and Tg(myl7:mAG-zGeminin). 1-Phenyl-2-thiourea (PTU; Sigma, P7629) was added at 24 hpf to prevent pigmentation.



Generation of tgfb1b–/– Mutant Zebrafish

tgfb1b–/– mutants were generated using CRISPR/Cas9 technique (Chang et al., 2013). sgRNA target sites were identified by online tool CRISPRscan. The sgRNAs were in vitro transcribed as previously reported (Li et al., 2020) and co-injected with Cas9 protein (New England Biolabs) into embryos at the one-cell stage. Positive founders were mated with wild-type or Tg(vmhc:mCherry-NTR) fish to obtain F1 generation. The F1 heterozygous zebrafish with identical frameshift mutations were intercrossed to generate F2 homozygous mutants.



Chemical Treatment

Tg(vmhc:mCherry-NTR) larvae were treated with 5 mM of MTZ (Sigma) in E3 water at 72 hpf for 4 h as previously described (Zhang et al., 2013). After being washed, the larvae were then incubated in 2 μM of SIS3 (Selleck), 25 μM of SB431542 (Tocris), 20 μM of LY364947 (Selleck), or 0.2% dimethyl sulfoxide (DMSO) (Thermo Fisher Scientific) as control from 76 to 124 hpf.



In situ Hybridization

Whole-mount in situ hybridization was performed using a modified protocol as previously described (He et al., 2020), including nkx2.5, gata4, vimentin, tgfb1a, and smad3a. The probes for tgfb1b, alk5a, alk5b, tgfb2, tgfb3, twist1b, and tbx5a were amplified by PCR with the following primers: tgfb1b F-5′ CC AAGGAACCAGAAGTAGAA, tgfb1b R-5′ CCAGACATA GGAGCAAGAG; alk 5a F-5′ TCGTGTGCCAAGTGAAGAAG, alk5a R-5′ CATGATCTTGGCCATCACAC; alk5b F-5′ GG TGTGTGTGCTGTGTTTCC, alk5b R-5′ ACTGACGGGTCTG ACTGGAC; tgfb2 F-5′ ACGCCAAAGAAGTGCACAAG, tgfb2 R-5′ CGCTCCACAGATACGGACAG; tgfb3 F-5′ AACCTGA GCACCTCCAGGAC, tgfb3 R-5′ GCTGCACTTGCAGGAT TTG; twist1b F-5′ GAAAACACGAGGACCAATG, twist1b R-5′ GAATTGTACTAAAGCTTTGTA. tbx5a F-5′ GCGTT TCCAGCACATCTCAG, tbx5a R-5′ TGTGTCCAGTGCTCCTT TACC.



Immunofluorescence

Immunostaining on whole mount larvae or dissected larval hearts was performed as previously described (Yang and Xu, 2012). The primary antibodies used in this study included the following: anti-phospho-Smad3 (rabbit; Abcam, 52903), anti-phospho-Smad1/5/9 (rabbit; CST, 13820), anti-phospho-histone H3 (rabbit; Merck Millipore, 06570), anti-MHC (mouse; DSHB, MF20), anti-Twist (mouse; Santa Cruz, 81417), and anti-Snail (rabbit; Genetex, 125918). The secondary antibodies included the following: Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 555 goat anti-mouse IgG, and Alexa Fluor 647 goat anti-rabbit IgG from Thermo Fisher Scientific.



EdU Treatment

The larvae at 123 hpf were incubated with 500 μM of EdU for 1 h in E3 water containing PTU and 2% DMSO to facilitate EdU solubilization. After treatment, larvae were rinsed with E3 water, anesthetized with 0.2% tricaine, and fixed overnight in 4% paraformaldehyde (PFA). The CLICK-IT reaction for EdU labeling was performed according to the manufacturer’s instruction (Thermo Fisher Scientific).



Imaging

The larvae and dissected hearts were imaged by LSM710/LSM880 (Zeiss), SP8 (Leica), or A1 (Nikon) confocal microscopes. The acquired confocal z-stack images were processed, and cell counting was performed using ZEN (Zeiss), LAS X (Leica), and Fiji software. The injured area was determined by visually examination of each single optical section and then manually labeled in the maximal projection image.



RNA Extraction

Zebrafish hearts were manually dissected by tweezers from control and ablated larvae after euthanasia with an overdose of anesthetic (0.2% tricaine). The dissected hearts were washed in 10% fetal bovine serum (FBS) medium and stored in Eppendorf tubes with TRIzol solution (Thermo Fisher Scientific). Different batches were pooled together to reach approximately 600, 800, 1,200, and 6,500 hearts for the control, SIS3-treated control, ablated, and SIS3-treated ablated groups. RNA was extracted using TRIzol solution following manufacturer’s instruction; 1.5 μg of total RNA for each group was sent out for RNA-seq.



Bioinformatic Analysis

The sequencing data were obtained by RNA-seq conducted by Genewiz company and had been uploaded to Gene Expression Omnibus (GEO) database (accession number GSE162820). The data were monitored by FASTQ quality trimmer by which low-quality reads were removed. High-quality reads were then mapped with the reference genome using HISAT (Kim et al., 2015). The number of reads was counted using HTseq (Anders et al., 2015). DE-seq (Anders and Huber, 2010) was used to analyze the differentially expressed genes. Supervised two-way clustering was conducted using pheatmap package of R software (Diboun et al., 2006).



Statistical Analysis

The regeneration ratio was calculated as the number of recovered larvae over the number of total injured larvae. GraphPad software was used for statistical analysis. Values were presented as mean ± s.e.m. Statistical significance was defined as ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ****P < 0.0001, determined by Student’s t-test or chi-square test in the quantification of the percentage of recovered hearts.
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by Peng, Y., Wang, W., Fang, Y., Hu, H., Chang, N., Pang, M., et al. (2021). Front. Cell Dev. Biol. 9:632372. doi: 10.3389/fcell.2021.632372



In the original article, there was an error. The correct accession number in GEO database is GSE162820. A correction has been made to MATERIALS AND METHODS, Bioinformatic Analysis section. The correct statement should read:

The sequencing data were obtained by RNA-seq conducted by Genewiz company and had been uploaded to Gene Expression Omnibus (GEO) database (accession number GSE162820).

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.

Copyright © 2021 Peng, Wang, Fang, Hu, Chang, Pang, Hu, Li, Long, Xiong and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
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Amyotrophic lateral sclerosis (ALS) is a fatal neurological disorder characterized by progressive degeneration of motor neurons in the brain and spinal cord. Spinal motor neurons align along the spinal cord length within the vertebral column, and extend long axons to connect with skeletal muscles covering the body surface. Due to this anatomy, spinal motor neurons are among the most difficult cells to observe in vivo. Larval zebrafish have transparent bodies that allow non-invasive visualization of whole cells of single spinal motor neurons, from somas to the neuromuscular synapses. This unique feature, combined with its amenability to genome editing, pharmacology, and optogenetics, enables functional analyses of ALS-associated proteins in the spinal motor neurons in vivo with subcellular resolution. Here, we review the zebrafish skeletal neuromuscular system and the optical methods used to study it. We then introduce a recently developed optogenetic zebrafish ALS model that uses light illumination to control oligomerization, phase transition and aggregation of the ALS-associated DNA/RNA-binding protein called TDP-43. Finally, we will discuss how this disease-in-a-fish ALS model can help solve key questions about ALS pathogenesis and lead to new ALS therapeutics.

Keywords: RNA metabolism, phase transition, neurodegenarative disease, optogenetics, protein aggregation


INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurological disorder in which motor neurons in the brain and spinal cord are selectively degenerated, leading to progressive muscle weakness. Approximately 1–2 individuals per 100,000 are diagnosed with ALS each year, with motor symptoms typically appearing in mid-adulthood (average age 55) (Taylor et al., 2016). About 10% of ALS cases are heritable (familial ALS) and linked to single-gene pathogenic mutations. The remaining 90% of ALS cases occur without family history (sporadic ALS) and are thought to involve multiple genetic mutations and/or environmental factors. While the root cause of sporadic ALS is unknown, its common pathological hallmark is deposition of ubiquitin-positive cytoplasmic inclusions containing aggregated forms of DNA/RNA-binding protein TDP-43, encoded by the TARDBP gene, in the degenerating motor neurons (Arai et al., 2006; Neumann et al., 2006; Mackenzie et al., 2007). Better understanding of the causes and consequences of TDP-43 aggregation will increase our understanding of ALS pathogenesis and aid in the development of therapeutics.

There is emerging evidence that an intricate intracellular network of biomolecular condensates or membraneless organelles underlies the physiological functions of cells, including neurons (Shin and Brangwynne, 2017). Many membraneless organelles are enriched in proteins containing regions of low sequence complexity, called low-complexity domains (LCDs) or intrinsically disordered regions (IDRs), which drive liquid–liquid phase separation through homotypic and heterotypic protein–protein or protein–RNA interactions (Mathieu et al., 2020). Aberrant phase separation of IDR proteins can generate solid-like fibers, which are candidate origins for irreversible aggregates that accumulate in neurodegenerative diseases (Lin et al., 2015; Molliex et al., 2015; Murakami et al., 2015; Patel et al., 2015; Zhang et al., 2015). TDP-43 is equipped with an IDR at its C-terminus, and has been identified as a component of membraneless organelles in the nucleus (Dammer et al., 2012; Gasset-Rosa et al., 2019) and cytoplasm (Dewey et al., 2011; Alami et al., 2014; Gopal et al., 2017; McGurk et al., 2018; Wang et al., 2020) under both normal and stressed conditions. The fact that ALS-associated mutations of TARDBP mostly occur in the IDR has led to the idea that pathological phase transitions of TDP-43 mediated by altered homotypic and heterotypic interactions through IDR contribute to ALS pathogenesis. Cytoplasmic aggregation of TDP-43 has been observed by overexpressing wild-type and mutant TDP-43 in cellular and animal models of ALS (Barmada et al., 2010; Li et al., 2010; Walker et al., 2015; De Giorgio et al., 2019; Watanabe et al., 2020). Since exogenously expressed TDP-43 can be toxic in the absence of TDP-43 aggregates, it is difficult to determine whether the TDP-43 toxicity stems from dosage increase, aggregation, or both (Barmada et al., 2010; Arnold et al., 2013; Asakawa et al., 2020). Therefore, dissecting oligomerization- or phase transition-dependent toxicity from overexpression-dependent toxicity has remained a challenging but important task in understanding the mechanism of TDP-43 neurotoxicity.

The zebrafish is a unique vertebrate model that offers access to spatiotemporal dynamics of disease-related proteins in in vivo motor neurons. With the high translucency of larval zebrafish body tissue, fluorescently tagged probes are visible in a single spinal motor neuron, allowing for direct visualization of specific proteins, organelles, and cytoskeletons in real time. In addition, genetic amenability and high genetic homology to humans have allowed for rapid establishment of stable zebrafish lines relevant for the functional exploration of ALS-related genes (Ramesh et al., 2010; Sakowski et al., 2012; Hewamadduma et al., 2013; Schmid et al., 2013; Da Costa et al., 2014; Armstrong et al., 2016; Lebedeva et al., 2017; Ohki et al., 2017; Lissouba et al., 2018; Shaw et al., 2018; Bercier et al., 2019; Bose et al., 2019; Kim et al., 2019; Asakawa et al., 2020; Bourefis et al., 2020). Recent studies have achieved optogenetic induction of ALS pathology by controlling the biophysics of disease-associated proteins with an unprecedented spatiotemporal precision by light illumination (Shin et al., 2017; Mann et al., 2019; Zhang et al., 2019; Asakawa et al., 2020). In this mini-review, we describe the skeletal neuromuscular system of larval zebrafish and optogenetic approaches for controlling in vivo phase transition of TDP-43 in motor neurons pertinent to the study of ALS pathogenesis.


The Crystal-Clear Neuromuscular System of Zebrafish Larvae

Zebrafish grow to about 4 mm in length in the first 5 days of life, developing over 30 axial muscle segments in a fusiform, laterally compressed body (Schroter et al., 2008). In parallel, the spinal motor neurons are generated in the segmentally iterated spinal cord and innervate corresponding skeletal muscle segments (Figure 1A). A 5 day-old larva performs free swimming and is already an efficient visually guided predator (Budick and O’Malley, 2000), indicating a growing, but mature multimodal sensory-guided motor circuit. Generation of the spinal motor neurons largely ceases in the second day of development (Reimer et al., 2013), with 63–71 spinal motor neurons per spinal hemisegment present in the larval stage and remaining largely constant until the adult stage (van Raamsdonk et al., 1983; Asakawa et al., 2013; Svara et al., 2018). These motor neurons innervate peripheral muscles consisting of fast-twitch fibers that occupy majority of the muscle mass and slow-twitch fibers that cover the superficial muscle layer (Figures 1B,C). Spinal motor neurons are categorized into primary and secondary motor neurons, both of which start to differentiate at 1 day post-fertilization (Myers et al., 1986). There are five primary motor neurons in each spinal hemisegment (MiP, dRoP, vRoP, CaP, and VaP). These are the earlier differentiating population, possess relatively large-sized somas that align rostro-caudally, and innervate distinct areas of fast-twitch muscle fibers along the dorsoventral myotomal axis (Asakawa et al., 2013; Bello-Rojas et al., 2019). The remaining ∼60 neurons in a hemisegment are the secondary motor neurons that develop next: these possess relatively small-sized somas and innervate the deeper fast twitch muscle or superficial slow muscle fibers (Menelaou and McLean, 2012; Asakawa et al., 2013; Bello-Rojas et al., 2019). Overlapping patterns of innervation observed within and between these motor neuron types indicate polyneuronal innervation of muscle fibers (Lefebvre et al., 2007; Bello-Rojas et al., 2019). Zebrafish motor neurons, which vary in cell-size and physiology (McLean et al., 2007; Menelaou and McLean, 2012), might model selective vulnerability of motor neurons in ALS; large-sized, fast fatigable motor neurons are the most vulnerable to degeneration (Roselli and Caroni, 2014). Remarkably, unlike mammals, both larval (Ohnmacht et al., 2016) and adult (Reimer et al., 2008) zebrafish retain the ability to regenerate spinal motor neurons from the pMN progenitor domain in the ventral spinal cord after spinal cord injury or genetic ablation. This ability is worth further study for its potential contribution to regenerative therapy of motor neurons in humans.
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FIGURE 1. Large and small populations of spinal motor neurons can be manipulated with the Gal4/UAS system in zebrafish. (A) Tg[mnr2b-hs:Gal4]; Tg[UAS:EGFP] larva at 5 day post-fertilization. In the Gal4 driver Tg[mnr2b-hs:Gal4], the Gal4FF transcription factor (Asakawa et al., 2008) is expressed from the bacterial artificial chromosome (BAC) transgene carrying the mnr2b locus (encoding the Mnx-type homeobox protein, which promotes motor neuron differentiation) and drives expression of a gene downstream of upstream activation sequence (UAS) in the most of the spinal motor neurons. (B) Schematic illustration of a transverse section of the middle trunk of a 5 day-old wild-type zebrafish larva, with the dorsal side up. Fast-twitch muscle and slow muscle are shown in gray and red, respectively. A CaP innervating the ventral myotome is shown in green. sc, spinal cord. nc, notochord. Illustration modified from Bello-Rojas et al. (2019). (C) Schematic illustration of a wild-type CaP innervating the ventral myotome, from lateral view. (D) Among the spinal motor neurons, CaPs (arrows) are selectively labeled in Tg[SAIG213A] Tg[UAS:EGFP] fish. Bars are 1 mm (A) and 20 μm (D).


A single motor neuron or a population of motor neurons can be non-invasively manipulated in zebrafish larvae with targeted expression of genetically encoded fluorophore and photo-responsive probes using the cis-elements of motor neuron-specific genes, such as Mnx-family homeobox genes (Wendik et al., 2004; Asakawa et al., 2012), and/or Gal4/UAS gene expression systems (Figures 1A,D; Zelenchuk and Bruses, 2011; Asakawa et al., 2013). Laser-assisted transection of a fluorescently labeled motor neuron (Rosenberg et al., 2012) was used to directly monitor, in real time, the sequence of events involving motor nerve degeneration following injury (Wallerian degeneration) (Waller, 1850), as well as the resultant dynamic interactions between the injured nerves and macrophages. Engulfment of the TDP-43-expressing motor neurons by microglia after UV-induced damage was directly observed (Svahn et al., 2018). Motor neurons can be more precisely manipulated by a method called optogenetics, in which genetically-encoded proteins change conformation in the presence of light (Deisseroth et al., 2006). Targeted expression and photostimulation of KillerRed (KR) generates reactive oxygen species (ROS) and induce motor neuron death, followed by microglial activation (Bulina et al., 2006; Formella et al., 2018). Motor neuron physiology can be manipulated by controlling membrane potential with photostimulation of the light-gated ion channels (Volgraf et al., 2006; Gorostiza et al., 2007; Wyart et al., 2009; Bernal Sierra et al., 2018; Antinucci et al., 2020). Further, development of motor neurons, such as axon guidance, can be optically controlled by light-activatable cytoskeletal regulator Rac1, promoting axon guidance of the caudal primary motor neuron (CaP) in the wild-type fish, as well as of plod3-/- mutant fish defective in axon guidance (Harris et al., 2020). In addition to these optogenetic methods, expression of appropriate fluorescent marker proteins enables the visualization of key subcellular structures of motor neurons, including pre- and post-synapses (Flanagan-Steet et al., 2005; Asakawa and Kawakami, 2018; Bello-Rojas et al., 2019), cytoskeletal components (Asakawa and Kawakami, 2010; Bercier et al., 2019), and mitochondria (Bergamin et al., 2016), in live animals.



Optogenetic Induction of TDP-43 Aggregation in in vivo Motor Neurons

The optoDroplet approach, recently introduced by Shin et al. (2017), adopts the photolyase homology region (PHR) of Arabidopsis cryptochrome 2/CRY2 (CRY2PHR) that self-associates upon blue light exposure (Bugaj et al., 2013) to induce oligomerization and phase transition of client proteins tagged with CRY2PHR (Shin et al., 2017). This technique has been successfully applied to TDP-43 in cultured cells (Mann et al., 2019; Zhang et al., 2019), and has been used to discriminate cellular events that are triggered by TDP-43 oligomerization from those triggered by dosage increase of TDP-43. In these studies, CRY2PHR or a point mutant version of Cry2 (Cry2olig) exhibiting enhanced clustering (Taslimi et al., 2014) was fused to the N-terminus (Mann et al., 2019; Zhang et al., 2019; Otte et al., 2020; Figure 2A). These optogenetic TDP-43 effectively displayed clustering upon blue light illumination, leading to cytoplasmic deposition of TDP-43 aggregates with the pathological signature of S409/S410 phosphorylation typically detected in degenerating motor neurons in ALS (Mann et al., 2019; Zhang et al., 2019), suggesting that the optogenetically induced TDP-43 aggregation mimics at least some of the TDP-43 pathology occurring ALS. Photostimulation of optoTDP-43 increases cell death rate in the cultured human neurons, with cytoplasmic shift and aggregation of optoTDP-43, demonstrating that optoTDP-43 phase transition is neurotoxic (Mann et al., 2019). The light-driven phase transition of optoTDP-43 does not recruit major stress granule (SG) markers, suggesting that TDP-43 is not a core component of SGs (Zhang et al., 2019). This result is consistent with the recent observations that TDP-43 that failed to be recruited to RNA-rich granules, such as SGs, is prone to aberrant phase transition (McGurk et al., 2018; Gasset-Rosa et al., 2019; Mann et al., 2019; Zhang et al., 2019).
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FIGURE 2. Optogenetic induction of TDP-43 aggregates in in vivo spinal motor neurons. (A) Structures of optogenetic TDP-43. The human TDP-43 (top) consists of 414 amino acid residues subdivided into the N-terminal domain (NTD), 2 RNA recognition motifs (RRM1 and RRM2), and a C-terminus intrinsically disordered region (IDR). The optoTDP-43 (Mann et al., 2019; Zhang et al., 2019) and opTDP-43 (Asakawa et al., 2020) constructs carry the CRY2-modules at their N- and C-terminus, respectively. mCherry (237 aa), mRFP1 (225 aa), CRY2PHR (498 aa), and CRY2olig (498 aa) not to scale with TDP-43. (B) An agarose-embedded zebrafish embryo expressing both EGFP and opTDP-43 in CaPs (Tg[SAIG213A] Tg[UAS:opTDP-43] Tg[UAS:EGFP] triple transgenic) is illuminated with a confocal blue laser light for 3 h, 28–31 h post-fertilization (hpf). (C) The total axonal length at 48 hpf was reduced in the CaP irradiated with the blue light (Blue light) compared to the CaP grown in the dark (Dark). The figure panels are adapted from Asakawa et al. (2020). (D) An unrestrained zebrafish larva expressing both opTDP-43 and non-optogenetic EGFP-TDP-43 was irradiated with blue LED light. The spinal motor column was scanned every 24 h for 3 days (from 48 to 120 hpf). The duration of the blue light illumination is indicated in blue letters. Horizontal dashed line demarcates the ventral limit of the spinal cord. The figure panels are adapted from the study by Asakawa et al. (2020). (E) Cytoplasmic opTDP-43 foci colocalize with non-optogenetic EGFP-TDP-43 (arrows) in the spinal motor neurons at 120 hpf in (D). BL, Blue light. (F) Schematic drawing of opTDP-43 protein. (G) Blue light illumination drives CRY2olig-dependent opTDP-43 oligomerization and aggregation. A short-term illumination induces the oligomerization of opTDP-43, whereas a long-term illumination causes cytoplasmic aggregation of opTDP-43. Non-optogenetic TDP-43 is incorporated into the opTDP-43 aggregates [e.g., EGFP-TDP-43 in (E)] possibly through IDR-mediated intermolecular interactions. Cytoplasmic opTDP-43 aggregates are partially positive for immunoreactivities against ubiquitin, phosphorylation at S409/S410, and classical stress granule components (G3BP and TIAL1) (Asakawa et al., 2020). The bars indicate 250 μm (B), 20 μm (C), 1 mm (D, left), 20 μm (D, panels), and 5 μm (E).


A key step toward understanding of motor neuron degeneration in ALS is to induce TDP-43 oligomerization and phase transition in motor neurons and evaluate their cellular outcome in in vivo contexts (Asakawa et al., 2020; Otte et al., 2020). In zebrafish, expression of an optogenetic TDP-43 (opTDP-43), with which CRY2olig is harnessed at the C-terminus of TDP-43 (Figure 2A; Asakawa et al., 2020), can be targeted to CaPs among other motor neurons by using the prdm14-Gal4 driver (Figure 1C), enabling detailed analyses of opTDP-43 dynamics, as well as its cellular consequences, at subcellular resolution (Asakawa et al., 2020). opTDP-43 is primarily nuclear under normal conditions, as is the wild-type TDP-43, but dispersed throughout the CaP in response to blue light illumination for 3 h. Crucially, CaP axon outgrowth was halted even after the illumination ceased prior to cytoplasmic accumulation of opTDP-43 inclusion and the nuclear opTDP-43 localization was restored, showing that opTDP-43 toxicity precedes deposition of its cytoplasmic aggregates (Asakawa et al., 2020; Figures 2B,C). Live imaging analyses of the illuminated CaPs expressing opTDP-43 revealed an enhanced myofiber denervation frequency compared to the wild-type CaPs, underscoring the importance of normal TDP-43 phase behavior in formation and maintenance of neuromuscular synapses (Asakawa et al., 2020). The precise molecular mechanism of this oligomerization-triggered but aggregation-independent opTDP-43 toxicity is currently unclear. Another intriguing observation from the zebrafish model is that the light-dependent cytoplasmic opTDP-43 relocation occurred in the spinal motor neurons and the tactile sensing Rohon-Beard sensory cells in the spinal cord, but was almost absent in the embryonic epithelial cells and differentiated myofibers in a time frame examined (Asakawa et al., 2020). This observation suggests that the oligomerization-triggered cytoplasmic opTDP-43 relocation is a cell-type-dependent phenomenon (Vogler et al., 2018). Knowledge of the mechanisms underlying this neuron-specific cytoplasmic opTDP-43 relocation could aid in our understanding of cytoplasmic relocation of TDP-43 in the context of ALS motor neurons, whose mechanism is almost entirely unknown at present.

A major advantage of optogenetics is that it allows precise temporal control of a photo-responsive probe. In zebrafish larvae expressing opTDP-43 in most of the spinal motor neurons, the extension of the photostimulation duration from 3 h to 3 days resulted in the accumulation of cytoplasmic opTDP-43 aggregates in the motor neurons (Figures 2D,E; Asakawa et al., 2020). The cytoplasmic opTDP-43 aggregates contained non-optogenetic TDP-43 and were recognized to varying degrees by the antibodies against ubiquitin, phospho-S409/410, G3BP, and TIAL1 (Figures 2F,G; Asakawa et al., 2020), indicating that the opTDP-43 aggregates are heterogenous in protein composition and some species of the opTDP-43 aggregates recapitulate ALS pathology. While the pan-motor neuronal cytoplasmic opTDP-43 aggregation induced by the 3 day light illumination did not lead to overt motor deficit, the same set of conditions with opTDP-43 carrying ALS-associated IDR mutation (A315T) led to the failure to inflate the swim bladder and an impaired motor activity in a small population (13%) of larvae (Asakawa et al., 2020). Consistent with this observation, in fly, photostimulation of optoTDP-43 eventually leads to the formation of detergent-insoluble aggregates in the motor neurons that persist with age and cause larval and adult motor deficits (Otte et al., 2020). Overall, the temporally regulated induction of TDP-43 oligomerization and phase transition have demonstrated that TDP-43 exerts its toxicity through multiple mechanisms depending on its multimerization and phase status. Although a fraction of non-optogenetic TDP-43 was recruited to cytoplasmic opTDP-43 aggregates in the zebrafish optogenetic ALS model, most of it remained in the nucleus after 3 days of illumination during the larval stage (Asakawa et al., 2020). To determine if the cytoplasmic opTDP-43 aggregates eventually deplete the nuclear TDP-43 pool as observed in ALS cases, it is imperative to establish an illumination condition where the physiology of juvenile and adult fish is minimally affected by the blue light while the light-dependent opTDP-43 phase transition is fully controllable in time and space. In this regard, it is worth exploring other optogenetic probes for regulation of protein interactions that can be activated by different light wave lengths, such as a bacterial phytochrome-based probe sensitive to near-infrared light (Redchuk et al., 2020).



Perspectives

The optoDroplet approach has explicitly demonstrated the causal relationship between TDP-43 phase transition and neurotoxicity in vivo in motor neurons. The accumulation of cytoplasmic TDP-43 aggregates is a hallmark of degenerating neurons in ALS. However, how TDP-43 is localized in the nucleus under normal conditions and the mechanisms by which it gradually loses its normal state and forms cytoplasmic aggregates are not clear. Thus, it is tempting to speculate that light-dependent opTDP-43 phase transition is a fast-forward replay of the changes occurring in TDP-43 in ALS, especially as TDP-43 dynamics is currently anatomically inaccessible in human motor neurons. Uncovering intermediate stages of the opTDP-43 phase transition would provide mechanistic insights into TDP-43 cytotoxicity and potential therapeutic targets. The illumination time-dependent formation of cytoplasmic opTDP-43 aggregates suggests that oligomerization and phase separation of opTDP-43 is tunable and can be used to reveal the temporal sequence of downstream events driven by pathological TDP-43 phase transition in the spinal motor neurons. This opTDP-43 phase transition can be targeted with subcellular resolution to explore spatial sources of TDP-43 toxicity, such as the nucleus, axon, and pre-/post-synaptic terminals. The ability to observe diseased motor neurons in a transparent animal also allows us to directly investigate systemic responses of neighboring cell types, including interneurons, myofibers, glial cells, and immune cells, to aberrant TDP-43 transitions occurring in the motor neurons. Moreover, since the IDR of TDP-43 is classified as a prion-like domain and TDP-43 has a prion-like aggregation-seeding ability (Nonaka et al., 2013), potential intercellular propagation of opTDP-43-driven TDP-43 aggregation could be directly tested within an intact CNS. Finally, we suggest that future studies take full advantage of zebrafish in a whole organism compound screening, advancing the opTDP-43-based zebrafish ALS model into a system for screening small molecules that mitigate toxic TDP-43 phase transition for developing effective ALS therapeutics.
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The ubiquitous use of flame retardant chemicals (FRCs) in the manufacture of many consumer products leads to inevitable environmental releases and human exposures. Studying toxic effects of FRCs as a group is challenging since they widely differ in physicochemical properties. We previously used zebrafish as a model to screen 61 representative FRCs and showed that many induced behavioral and teratogenic effects, with aryl phosphates identified as the most active. In this study, we selected 10 FRCs belonging to diverse physicochemical classes and zebrafish toxicity profiles to identify the gene expression responses following exposures. For each FRC, we executed paired mRNA-micro-RNA (miR) sequencing, which enabled us to study mRNA expression patterns and investigate the role of miRs as posttranscriptional regulators of gene expression. We found widespread disruption of mRNA and miR expression across several FRCs. Neurodevelopment was a key disrupted biological process across multiple FRCs and was corroborated by behavioral deficits. Several mRNAs (e.g., osbpl2a) and miRs (e.g., mir-125b-5p), showed differential expression common to multiple FRCs (10 and 7 respectively). These common miRs were also predicted to regulate a network of differentially expressed genes with diverse functions, including apoptosis, neurodevelopment, lipid regulation and inflammation. Commonly disrupted transcription factors (TFs) such as retinoic acid receptor, retinoid X receptor, and vitamin D regulator were predicted to regulate a wide network of differentially expressed mRNAs across a majority of the FRCs. Many of the differential mRNA-TF and mRNA-miR pairs were predicted to play important roles in development as well as cancer signaling. Specific comparisons between TBBPA and its derivative TBBPA-DBPE showed contrasting gene expression patterns that corroborated with their phenotypic profiles. The newer generation FRCs such as IPP and TCEP produced distinct gene expression changes compared to the legacy FRC BDE-47. Our study is the first to establish a mRNA-miR-TF regulatory network across a large group of structurally diverse FRCs and diverse phenotypic responses. The purpose was to discover common and unique biological targets that will help us understand mechanisms of action for these important chemicals and establish this approach as an important tool for better understanding toxic effects of environmental contaminants.

Keywords: flame retardants (additives, reactives), micro-RNA (miRNA), network analysis, transcription factors (TFs), neurodevelopment, zebrafish, mRNA, gene expression


INTRODUCTION

Flame retardant chemicals (FRCs) have been ubiquitous in furniture, electronics, carpets, textiles, automotive products and children’s clothing for decades. Throughout the 1980s and 1990s, polybrominated diphenyl ethers (PBDEs) were the predominant flame retardants, but these were phased out in 2005 due to concerns of environmental persistence, bioaccumulation and toxicity. Replacement with organophosphate flame retardant chemicals (OPFRCs) has been common since 2005 (Stapleton et al., 2012). OPFRCs may be halogenated or non-halogenated alkyl or aryl phosphates and are often additives, not chemically bound to the items they protect. FRCs are widely detected in household dust, personal vehicles, indoor air, and aquatic environments due to leaching (Stapleton et al., 2009; Hoffman et al., 2015b; Reddam et al., 2020). Furthermore, exposure assessment studies have detected measurable levels of these chemicals in breast milk, urine and blood from human samples (Hoffman et al., 2015a, b). Exposures to both PBDEs and OPFRCs are associated with neurological and reproductive deficits within human populations (Herbstman and Mall, 2014; Castorina et al., 2017; Doherty et al., 2019). Developmental health is of particular concern, since development is regulated by a complex interplay of biological processes that regulate cell migration, differentiation and organogenesis and hence are sensitive to the effects of external stressors (Dasgupta et al., 2018). In utero exposure to FRCs is not uncommon as these chemicals are measured in placental or cord blood samples from the developing fetus (Kawashiro et al., 2008; Ding et al., 2016). Over the last two decades, several studies have explored toxic effects of various classes of FRCs in a wide range of in vivo and in vitro developmental models using high throughput screening, transcriptomics, metabolomics, epigenetics and reverse genetics. Collectively, evidence indicates that FRC exposure disrupts morphogenesis, neurodevelopment, immunodevelopment, muscle development, metabolism and development of various organs such as heart and liver (Du et al., 2019). Discovering the toxic mechanisms of FRCs as a group is challenging since they have widely varied physicochemical properties. Toxicity comparison among existing laboratory-based studies is somewhat limited by variation in exposure paradigms, targeted biological processes and life stages.

We previously used high-throughput screening in zebrafish with statistical modeling to identify developmental toxicity of FRCs based on their physicochemical classifications and bioactivity profiles (Noyes et al., 2015; Hagstrom et al., 2019; Truong et al., 2020). Recently, we screened a comprehensive library of 61 FRCs for morphological and neurobehavioral endpoints and used a point-of-departure approach to show that FRCs from several classes elicited developmental toxicity (Truong et al., 2020). In that study, we built a robust classification model for FRCs based on phenotypes and physicochemical properties and also showed that triphenyl OPFRCs such as triphenyl phosphate (TPP) and isopropylated triphenyl phosphates (IPPs) were the most bioactive. Comparisons with other model systems showed that many of the bioactive FRCs in our study were toxic in mammalian in vivo and in vitro systems (Truong et al., 2020). These data revealed the need for a comparative molecular assessment of different FRC classes to understand their unique and common biological targets and how specific biological processes are associated with phenotypes.

Here we investigated the mRNA and miR expression changes following exposure to 10 selected FRCs representing different physicochemical classes and zebrafish toxicity response profiles, ranging from non-responders to high responders (Truong et al., 2020). miRs can act as important post-transcriptional regulators of biological processes in response to an array of metals, dioxins, microcystins, phenols, PM2.5 and are associated with teratogenic effects, apoptosis, hepatotoxicity, metabolic disruptions, carcinogenesis, neurotoxicity and oxidative stress (Balasubramanian et al., 2020). There is evidence that specific miRs are involved in developmental and neurodevelopmental toxicity in zebrafish following exposures to several environmental contaminants such as 2,3,7,8-Tetrachlorodibenzodioxin (TCDD) (Jenny et al., 2012) and atrazine (Wirbisky et al., 2016). We report the first FRC-associated paired mRNA and miR sequencing study in developmental zebrafish. Ten representative FRCs with zebrafish exposures from 6 to 48 h post fertilization (hpf) were chosen to quantify early gene expression changes that later (120 hpf) manifest as phenotypes. We anchored our mRNA/miR expression data to the phenotypes and identified several differentially expressed genes, mRNA-miR interactions, and transcription factors (TFs) linked to the toxicity of OPFRCs. Finally, we share an FRC-gene expression database to hopefully inspire and facilitate additional functional studies.



MATERIALS AND METHODS


Chemicals

The US Environmental Protection Agency, as part of the grant number #83579601, generously provided the 10 FRCs (see Figure 1) at 20 mM in 100% DMSO. The chemicals had >98% purity and were provided in a 96 well plate and stored at −80° prior to exposing zebrafish embryos.
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FIGURE 1. Chemical name, structure, abbreviation, CAS number, physicochemical classes, EC80 s and exposure concentrations (“Conc”) of flame retardant chemicals (FRCs) used in this study. “Conc” represents concentration used for exposures in the study. For FRCs, EC80s [exposure concentrations demonstrating 80% morphological effects based on Truong et al. (2020)] were used as exposure concentrations, except BDE-47, TCEP and TCPP where limit concentration (85 μM) or TBBPA-DBPE where a TBBPA-matched concentration (4 μM) was used.




Selection of FRCs and Their Exposure Concentrations

Our objective was to discover the gene expression changes produced by exposure to FRCs belonging to different physicochemical classes and zebrafish toxicity profiles. We chose the 10 FRCs based on lowest effect level (LEL) values within our 18 morphological and 5 behavioral endpoints from our previous study [Truong et al. (2020), also see Supplementary Table 1.1)]. These FRCs belonged to different chemical classes (Figure 1) and phenotypic profiles (Figure 2A), producing both morphological and behavioral phenotypes (TDBPP, TBBPA, TBPH, IPP, TPP), only morphological phenotypes (TiBP), only behavioral phenotypes (BDE-47, TBBPA-DBPE) and no observed phenotypes (TCEP, TCPP) (Figure 2A). Since none of the FRCs elicited an abnormal embryonic photomotor response (EPR; 24 hpf) phenotype without also manifesting a later morphological phenotype, our use of “behavioral phenotypes” here typically pertains to the later (120 hpf) larval photomotor response (LPR). Based on data from Truong et al. (2020), we calculated 120 hpf EC80-concentrations that caused 80% of the embryos to be adversely affected in their morphology by 120 hpf and performed paired mRNA and miR sequencing at these concentrations to quantify gene expression changes at near-maximal responses. For TBBPA-DBPE, we matched the exposure concentration (4 μM) to its parent FRC TBBPA. For FRCs with no morphological phenotypes (TCPP, BDE-47, and TCEP), a limit concentration of 85 μM was used.
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FIGURE 2. Phenotypic screening, mRNA sequencing and miR sequencing of 10 FRCs. (A) Phenotypic screening with lowest effect level (LEL) of 18 morphological endpoints and four behavioral endpoints; details about these endpoints are included in Supplementary Table 1. Data based on Truong et al. (2020). Exposure concentrations for this study are represented as “Conc.” Black lines with numbers indicate FRC classes based on Figure 1. Colored lines indicate phenotypic response groups: [image: image] only behavior response; [image: image] morphology + behavior response; [image: image] only morphology response and [image: image] no response. Embryonic photomotor response is included within morphology response and behavior response indicates only larval photomotor response. Numbers within cells represent LELs for each FRC/endpoint combination. (B) Log2 fold changes of all increased and decreased differentially expressed mRNAs across FRCs. Cutoff was log2 fold change ≥1.5 and p ≤ 0.05. Numbers represent number of genes with increased (↑) or decreased (↓) mRNA levels. (C) Log2 fold changes of increased and decreased miR levels across different FRCs. Cutoff was p ≤ 0.05. Numbers represent number of miRs with increased (↑) or decreased (↓) levels.




Zebrafish Husbandry

Tropical 5D wild type zebrafish were housed at Oregon State University’s Sinnhuber Aquatic Research Laboratory (SARL, Corvallis, OR, United States) in densities of 500 fish per 100-gallon tank according to the Institutional Animal Care and Use Committee protocols. Fish were maintained at 28°C on a 14:10 h light/dark cycle in recirculating filtered water, supplemented with Instant Ocean salts. Adult, larval and juvenile fish were fed with size appropriate GEMMA Micro food 2–3 times a day (Gaulke et al., 2016). Spawning funnels were placed in the tanks at night, and the following morning, embryos were collected and staged (Kimmel et al., 1995; Westerfield, 2007). Mass collection of embryos from these tanks allows for multiple individual fish and male-female pairs contributing to embryos for an experimental setup and provides for sufficient genetic diversity. Embryos were maintained in embryo medium (EM) in an incubator at 28°C until further processing. EM consisted of 15 mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, and 0.7 mM NaHCO3 (Westerfield, 2007).



Chemical Exposures

Embryos were dechorionated at 4 hpf, sorted based on their stage (Kimmel et al., 1995) and shield stage embryos (6 hpf) were exposed in 96 well plates (one embryo per well in 100 μL test solution) as described in Truong et al. (2020). Details of exposure concentrations and observed phenotypes are included in Figure 2A and Supplementary Table 1.1. A vehicle control of 0.64% DMSO was used because previous studies from our and other labs have shown no confounding physiological effects at 0.64%. The embryos (N = 48) were statically exposed from 6 to 48 hpf at 28°C in the dark.



Total RNA Extraction and mRNA/miRNA Sequencing

We collected embryos at 48 hpf to study the transcriptomic dynamics that precede morphological and/or behavioral phenotypes at 120 hpf. This exposure paradigm provides a snapshot of the developmental transcriptome in absence of any phenotypes at 48 hpf, but largely drives phenotypic outcomes at 120 hpf. Four biological replicates were created by pooling eight embryos per replicate from individual wells which were placed into an Eppendorf Safe-lock Tube and excess solution removed. 0.5 mM zirconium oxide beads were added along with 500 μL of RNAzol (Molecular Research Center, Inc.) and the tubes were immediately placed into a bullet blender (Next Advance), using settings recommended by the manufacturer. The RNA was purified using the Direct-zol MiniPrep kit (Zymo Research), including an optional DNase-1 digestion treatment for 15 min. RNA integrity (RIN) was assessed using an Agilent Bioanalyzer (Santa Clara, CA, United States), and RNA samples with RIN values >8 were processed for library preparation and sequencing at the Oregon State University Center for Genome Research and Biocomputing. Total RNA was used as input for both mRNA and miRNA sequencing. For mRNA sequencing, mRNA was poly A selected, libraries were prepared with the PrepX mRNA and Illumina sequencing workflow (Wafergen Biosystems). For miRNA seq, the Illumina TruSeq Small RNA library kit was used to generate small RNA libraries from total RNA. For sequencing, an Illumina HiSeq 3000 sequencer (Illumina, San Diego) was used for mRNA and small RNA single-end sequencing at 100 base pairs; for miR sequencing, the insert sizes were upto 50 bp. Bioinformatics analysis of sequencing data was performed on an R platform. Briefly, reads were evaluated by FastQC v0.11.3 (Andrews, 2015) to detect major sequencing problems, and then trimmed for quality control with Skewer v0.2.2 (Jiang et al., 2014). RNA-seq alignment and quantification proceeded with Bowtie2 v2.2.3 (Langmead et al., 2009; Langmead and Salzberg, 2012) being used to build HISAT2 (Kim et al., 2015, 2019) genome index files from the Genome Reference Consortium Zebrafish Build 10 (GRCz10) genome. Gene counts were estimated using HTSeq v0.9.1 (Anders et al., 2015) with the GRCz10 Ensembl 91 GTF annotation. For miR identification and quantification, a combination of miRDeep2 v2.0.0.8, miRBase release 22 and Bowtie v1.2.1.1 were used. Differential expression between experimental and control samples was determined with functions from the Bioconductor package, edgeR; mRNAs with a log2 fold change ≥1.5 and Benjamini-Hochberg (BH) adjusted p ≤ 0.05 were considered differentially expressed while an adjusted p ≤ 0.05 was applied to miRs without any fold change cutoffs. Heatmap clustering of differentially expressed genes were generated in R based on their log2 fold changes using the ggplot2 package. Expression data for statistically significant and cutoff-applied mRNA and miR are included within Supplementary Tables 1.2, 1.3. Detailed methods for mRNA and miR sequencing, including codes, are available within the following link: https://github.com/Tanguay-Lab/Manuscripts/tree/main/Dasgupta_et._al._(2021)_Front_Cell_Dev_Biol.



Co-regulatory Analysis and Data Visualization for miR, Genes and Transcription Factors

For integrative analysis of TFs, miRs and mRNA targets, we first identified human orthologs for differentially expressed genes using The Bioinformatics Resource Manager (BRM) (Brown et al., 2019). Next, we imported human gene symbols, miRs and their directionality of fold changes (+1 for upregulation, −1 for downregulation) for each FRC into TFmiR1, a freely available web platform (Hamed et al., 2015). TFmiR uses an array of databases such as miRTarBase, TransmiR, ChipBase, TRANSFAC to generate mRNA-TFs, TF-miR, gene-miR and miR-miR interactions and co-regulations from input data and can categorize co-regulations as “experimental” (experimentally validated co-regulation through prior functional studies) or “predicted” (computationally predicted co-regulations) distinctly. We analyzed data using the following configuration within TFmiR: p threshold-0.05; related disease: no disease and evidence: both experimental and predicted. For gene-miR interactions, we only considered anti-correlated pairs (e.g., + 1 for gene and −1 for miR) for all downstream interpretations. For visualization and discussion of interactions in the manuscript, we only used “experimental” outputs; therefore, within the manuscript, “predicted to regulate” refers to co-regulations with evidence of experimental validation from previous studies based on TFmiR. Lists of interactions between mRNA, TFs and miRs based on the TFmiR outputs were imported into Cytoscape2 or GraphPad Prism 9 (San Diego, CA, United States) to generate networks and heatmaps of FRC-mRNA-miRs, FRC-mRNA-TFs or mRNA-TF-miRs for each FRC. It is to be noted that since all co-regulation analysis was done based on human orthologs, the discussion on these networks is presented with human gene symbols. All TFmiR outputs are included within Supplementary Table 2.



Gene Ontology Analysis

To understand the biological consequences of chemical exposure, we performed GO term enrichment using GeneGo MetaCore version-19.3 build-69800 from Clarivate Analytics, as described in Garcia et al. (2018). For gene expression data, we imported BRM-generated human gene symbols and their fold changes into MetaCore and performed GO process analysis. For miR data, we sought to assess the biological processes impacted by target genes of miR. Therefore, for each FRC, we imported the TFmiR-generated target gene list (here using both experimentally validated and computationally predicted data) for gene-miR interactions and performed GO process analysis. GO terms with a false discovery rate (FDR) adjusted p ≤ 0.05 were considered significant and data was represented as heatmaps (GraphPad Prism 9, San Diego, CA, United States). All GO outputs are included within Supplementary Table 3.



RESULTS


Changes in mRNA and miR Expression Across FRCs

Overall, there was a general proclivity toward increased gene expression compared to reduced gene expression (Figure 2B). Consistent with their phenotypic effects, TDBPP, TBBPA, IPP and TPP elicited the most extensive changes in mRNA expression. For example, IPP exposures resulted in 614 increased and 195 decreased mRNAs. FRCs with minimal (BDE-47, TBBPA-DBPE, TiBP) or no (TCEP, TCPP) phenotypic effects also induced significant changes in mRNA expression. Notably, BDE-47 and TCPP, which did not produce morphological phenotypes, elicited extensive increase, but limited decrease in expression levels of mRNAs. Conversely, for TBPH, an FRC with substantial phenotypic effects, transcriptomic changes were minimal. The extent of miR expression changes generally mirrored gene-level disruptions with the exception of BDE-47, TBPH and TCEP where we measured minimal or no miR expression changes (Figure 2C).



Gene Ontology Analysis

Figure 3A shows gene ontology (GO) assessments of differentially expressed genes. We also studied GO analysis of mRNA targets that were predicted (both experimentally and computationally) to be anti-correlated to differentially expressed miRs in our data (Figure 3B) since miRs can negatively regulate gene expression. Multicellular development and nervous system were the most commonly affected processes for both miRs and mRNAs across a majority of the FRCs, with TDBPP, IPP and TiBP eliciting the strongest responses. The only exception was TBBPA, where protein-targeting and translational processes were the major disrupted processes. Other affected processes included lipid response, metabolic processes, mesoderm formation and transcriptional regulation. TBPH and TCPP did not show any statistically significant gene enrichment process. Figure 3C shows representative genes important for nervous system development. We showed that, for many FRCs (except TBBPA), genes that regulated neurotransmitter synthesis and neuronal development were repressed while genes that drive calcium homeostasis, important for neuronal function, were overexpressed. It is particularly noteworthy that expression of dnmt3aa, a neuronal methylation recruiter, was elevated by several FRCs.
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FIGURE 3. Major gene ontology (GO) processes across FRCs based on (A) differentially expressed mRNAs and (B) target mRNAs of differentially expressed miRs. GO was analyzed using human orthologs within Metacore. For panel (B), differentially expressed miRs were imported into TFmiR and both experimentally validated, and computationally predicted gene targets were imported into Metacore for GO analysis. Data is represented as -log (FDR p value) for each term; a value of ∼1.3 represents FDR p threshold of 0.05. Numbers within cells represent the significant -log (FDR p value). (C) Expression of representative mRNAs known to regulate nervous system development and neurotransmitter activity. Horizontal lines with numbers (1–7) represent FRC class based on Figure 1.




Clustering and Expression of Top Differentially Expressed Genes or miRs Across FRCs

We next evaluated if FRCs belonging to the same class (e.g., aryl phosphates, chlorinated phosphates, phthalates) clustered together based on expression data, and identified specific mRNAs and miRs with the strongest expression changes. We chose the five most increased and five most decreased transcripts for each FRC and plotted their expression across all FRCs. This identified 59 mRNAs and 41 miRs after accounting for unique targets and FRCs with <5 increased or decreased transcripts. None of the specific classes of FRCs clustered together for either mRNA (Figure 4A and Supplementary Figure 1A) or miRs (Figure 4B and Supplementary Figure 1B). Based on expression of the most altered mRNAs, IPP, TDBPP and TBBPA (all with morphological phenotypes), were close neighbors, although IPP also clustered with TiBP–an FRC with no observed morphological defects (Figure 4A). BDE-47, a penta-BDE that has been phased out due to toxicity, clustered closely with newer generation aryl and chlorinated phosphates such as TPP and TCEP. Based on individual transcripts, at least 9 of the 10 FRCs shared increased transcripts such as nr6a1a (a transcription factor), rims3 (regulates synaptic transmission), ago2 (binds miRs) and osbpl2a (regulates lipid transport). Common reduced transcripts were scarcer, with rho (regulates photoreceptor activity) and matn1 (regulates cartilage development) being differentially expressed for 6–7 FRCs. mRNA levels of several unannotated transcripts such as si:dkey-250d21.1 were differentially altered by multiple FRCs, highlighting the need to identify the functions of these genes. Based on miR data (Figure 4B), three FRCs that produced substantial changes in miR expression but minimal or no phenotypes-TBBPA-DBPE, TCEP and TiBP-clustered together. The expression of a number of common miRs were significantly decreased across multiple FRCs (Figure 4B); top increased miRs included mir-142b-5p, mir-727-5p and decreased miRs included mir-125c-5p and mir-137-5p; their roles in gene expression are discussed in subsequent sections.
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FIGURE 4. Heatmap representing log2 fold changes of (A) top mRNAs and (B) top miRs across FRCs. Up to 5 genes with highest increase and decrease in mRNA or miR expression levels were selected and their fold changes were plotted for all FRCs. Each column dendrogram color represents a cluster.




mRNA–miR Interactions

To explore the network of miRNAs with their anti-correlated target mRNAs across different FRCs, we constructed an FRC–mRNA–miR network, based on experimental predictions (Figure 5A). Several miRs that were differentially expressed across multiple FRCs, such as mir-92a-3p and mir-125-5p (larger nodes), were also predicted to regulate a large network of differential mRNAs. These target mRNAs encompassed a plethora of major biological functions, the most frequent ones being transcription, apoptosis and nervous system development (Figure 5B). Levels of several miR-mRNA combinations, such as mir-125b-5p/vitamin D regulator (VDR) and mir-92a-3p/HIPK3 were altered across all FRCs showing miR disruption (except TBBPA), suggesting that these interactions may drive a common mechanistic landscape for FRCs.
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FIGURE 5. mRNA-miR interactions across FRCs based on experimentally validated predictions. (A) FRC-mRNA-miR co-regulatory network based on TFmiR gene-miR interactions. Only mRNA-miR pairs with reverse expression directions were considered for the network. [image: image] FRCs, [image: image] miRs, [image: image] miRs that were differentially expressed across 4 or more FRCs, with larger nodes denoting higher number of FRCs. mRNAs are represented within the connected lines. (B) Selected miRs that were decreased across multiple FRCs, with fold changes and major functions (based on GO analysis) of their anti-correlated mRNA targets in specific FRCs. Numbers represent FRC classes based on Figure 1. TBPH and TCPP not represented since there were no miR disruptions.




Comparison of TBBPA-DBPE and TCEP for Neurodevelopmental Toxicity Biomarkers

To better understand the molecular basis for neurobehavioral effects, we compared mRNA-miR networks between TBBPA-DBPE (no morphological defects but LPR abnormalities at 120 hpf) and TCEP (no phenotype). Gene ontology analysis of transcripts that were differentially altered uniquely by TBBPA-DBPE showed muscle development as the major process disrupted (Figures 6A,B). Several miR-mRNA pairs were significantly altered exclusively in TBBPA-DBPE, including mir-15a-5p/WNT3A, a Wnt signaling gene known as a crucial regulator of neurodevelopment.
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FIGURE 6. Comparison of TBBPA-DBPE and TCEP for neurotoxic effects. TBBPA-DBPE exposures showed only LPR phenotypes while TCEP showed no phenotype. (A) Heatmap representing mRNA expression for the two FRCs; colored bars on the rows represent gene clusters. (B) GO processes for unique differential mRNAs with increased (Cluster 1) and decreased (Cluster 2) in the TBBPA-DBPE exposures. (C) mRNA-miR network for the two FRCs. [image: image]; FRC, [image: image] genes. miRs are represented within connected lines.




Transcription Factor Analysis: mRNA-TF and miR-TF Interactions

To investigate the role of TFs in regulating mRNA and miR disruptions, we executed a TF network analysis for FRC-mRNA-TF and miR-TF interactions. Expressions of several TFs such as VDR, retinoic acid receptor G and retinoid X receptor (RARG and RXRA) respectively were significantly altered across multiple FRCs (Figures 7A,B) and each of these TFs were predicted to regulate several altered mRNAs (Figures 7A,C). Expressions of several mRNA-TF regulatory pairs, such as RXR/SEMA6B and VDR/IGFBP1 were altered across multiple FRCs (Figure 7C).
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FIGURE 7. mRNA-transcription factor (TF) interactions across FRCs according to experimentally validated predictions. (A) FRC-mRNA-TF regulatory network based on TFmiR gene-TF interactions. [image: image] FRCs, [image: image] TFs. [image: image] (black nodes with white text)-TFs that were differentially expressed across 5 or more FRCs, with larger nodes denoting higher number of FRCs. (B) Heatmap representing fold changes of selected TFs across all FRCs. Both zebrafish and human orthologs are provided. (C) Heatmap representing mRNA-TF combinations that were co-altered across multiple FRCs. Numbers within cells represent number of FRCs that a specific pair was altered in. Red arrows represent the FRCs for specific pairs that are discussed in the manuscript. All data based on TFmiR experimentally validated predictions.


We subsequently used IPP (an FRC with strong phenotypic, mRNA expression and miR expression signals) as an example to understand the potential interactions between miRs and TFs (Figure 8). Within our IPP exposures, expression of several TFs, such as RARG and VDR, were predicted to be regulated by miRs differentially expressed across multiple FRCs. Conversely, TFs such as TGFB and IL1B were predicted to regulate several miRs such as mir-146a. In addition, we also identified IRF3/IRF7/ISG15, a potential feed-forward-loop, in which a TF regulates another gene/TF and they both co-regulate a third gene.
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FIGURE 8. Representative interactions between mRNA, miR and TFs that show a feed forward loop (FFL, dotted circle), a TF regulating a miR (dotted box) and a miR regulating a TF (solid circle) within IPP exposures. [image: image] TFs, [image: image] miRs, [image: image] mRNA. These interactions were selected from the mRNA-miR-TF co-regulatory network for IPP. All interaction data based on TFmiR experimentally validated predictions.




TBBPA vs TBBPA-DBPE–Impacts of Transformation on Molecular Networks

We investigated the mechanism for the differential phenotypic responses observed for the parent: derivative, TBBPA and TBBPA-DBPE. Figure 2A shows that TBBPA displayed a stronger bioactivity over its derivative as it disrupted multiple morphological endpoints. Consistent with this, TBBPA and TBBPA-DBPE displayed largely dissimilar mRNA expression patterns with minimal overlap (Figure 9A). Gene ontology analysis showed that mRNAs with unique increased (Cluster 2) and decreased (Cluster 4) expression in TBBPA were primarily associated with protein translation and light stimulus detection, respectively, while mRNAs with unique increased (Cluster 1) and decreased (Cluster 3) expression in TBBPA-DBPE were associated with drug response/vasoconstriction and system/nervous development, respectively (Figure 9B).
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FIGURE 9. mRNA expression for TBBPA vs its derivative, TBBPA-DBPE. (A) Heatmap representing log2 fold changes of mRNA expression; colored bars on the rows represent gene clusters. Numbers within bars represent cluster numbers for specific mRNA sets. (B) GO processes for unique mRNAs that were increased or decreased uniquely in either FRC.




Comparison of mRNA Expression Patterns of BDE-47 and Newer Generation FRCs

Finally, we compared the mRNA expression patterns of BDE-47, a phased out brominated flame retardant (BFR), with newer generation aryl phosphates TPP and IPP (Figures 10A,B) and chlorinated phosphates TCEP and TCPP (Figures 10C,D). mRNA clustering and GO assessments indicated that BDE-47 uniquely disrupted clusters of mRNAs associated with nervous system development and multicellular or anatomical development (Cluster 2 in Figure 10A, and Cluster 1 in Figure 10C). Comparison between the two aryl phosphates showed that IPP uniquely increased expression of mRNAs associated with lipid and cytokine response (Cluster 1) and decreased expression of mRNAs associated with responses to external stimuli (Cluster 3) (Figures 10A,B). Three mRNAs- her4.4, tbx5b and FQ377605.1 were commonly dysregulated by both aryl phosphate OPFRCs but not any of the other FRCs. Among chlorinated phosphates, TCEP exposure uniquely increased expression of mRNAs associated with regulation of cell communication and signaling (Cluster 2) and decreased expression of mRNAs associated with regulation of lipid oxidation (Cluster 3) (Figures 10C,D). Only one mRNA (si:ch211-188p14.2) was common to both chlorinated OPFRCs that was not also differentially expressed in response to any other FRC.
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FIGURE 10. mRNA expression for BDE-47, aryl phosphates and chlorinated phosphates. (A,C) Heatmaps representing log2 fold changes of mRNA expression; colored bars on the rows represent mRNA clusters. Numbers within bars represent cluster numbers for specific mRNA sets. (B,D) GO processes for unique mRNAs that were increased or decreased uniquely in various clusters.




DISCUSSION


Anchoring FRC mRNA Expression to Phenotype

The primary goal of this study was to deconstruct regulatory networks for mRNA and miRs across different classes of flame retardants and identify common potential mechanisms driving toxicity. Our choice of FRCs included multiple chemical classes and bioactivity profiles, including non-responders for morphology and behavior (Figure 2A). This design allowed the investigation of exposure-driven mRNA expression landscapes, even in the absence of apparent developmental phenotypes. This is important, since many of these targets may drive adverse effects on specific organ systems or later life stages that may not be captured in developmental endpoints. Among all the FRCs tested, TBPH, a new generation brominated phthalate, elicited the least disruption of mRNA expression and no miR disruption (Figure 2B). This was consistent with previous studies where TBPH was fairly benign in Fundulus (Huang et al., 2019), human cell line (Xiang et al., 2017) and mouse (Chen et al., 2020) models. However, TBPH increased expression of osbpl2a (Figure 4A)–predicted to drive cholesterol binding and lipid transport - suggesting that, consistent with a previous zebrafish study (Guo et al., 2020), this FRC may be associated with disruption of lipid transport or metabolism. Among other FRCs, TCEP and TiBP, despite substantial transcriptomic disruption, did not produce morphological or behavioral phenotypes. This suggested that these specific mRNA expression disruptions were not linked to key developmental events, but it remains a possibility that these expression changes could manifest adverse effects at later stages.



Neurotoxicity of FRCs

For several FRCs, nervous system development was the predominantly affected biological process (Figure 3A). Previous studies reported neurobehavioral effects of FRCs in in vivo or in vitro models, including zebrafish (Alzualde et al., 2018; Glazer et al., 2018; Truong et al., 2020), mouse (Nakajima et al., 2009) and mammalian neuronal models (Behl et al., 2015; Slotkin et al., 2017). Epidemiological studies associated prenatal organophosphate ester exposures with cognitive decline in developing children (Doherty et al., 2019). While prior studies investigated specific neurotoxic targets for individual FRCs, we, for the first time, used unbiased global experiments to report and compare common neurodevelopmental gene-sets across several classes of FRCs. We showed that several classes of FRCs altered the expression of mRNAs regulating neuronal development. Furthermore, expression of several mRNAs that modulate calcium signaling were disrupted. Calcium signaling is a crucial mechanism for several physiological processes, including neuronal electrical activity. Taken together, these suggest that disruption of neurodevelopment was a common mechanism of action for FRC-induced toxicity (Figure 3C). This was consistent with studies showing that BDE-47, chlorinated FRCs such as TCEP, TCPP and aryl FRCs such as TPP disrupted neurodevelopmental genes (Shi et al., 2018; Chen et al., 2019; Li et al., 2019). Interestingly, genetic signatures showed that neurotransmitter synthesis and activity were disrupted across several FRC classes, with the exception of chlorinated phosphates. Previous studies, using enzymatic assays, showed that among the OPFRCs, aryl phosphates, but not chlorinated phosphates, altered neurotransmitter enzymes such as acetylcholinesterase (McGee et al., 2012; Shi et al., 2018; Li et al., 2019). This corroborated with our finding that chlorinated phosphates likely do not disrupt neurotransmitter activity. The present study also suggested an epigenetically driven FRC-induced neurotoxicity since dnmt3aa, a regulator of methylation of transcripts that drive neuronal development (Lai et al., 2020), was overexpressed by several FRCs. Such epigenetic regulation of FRC neurotoxicity was also reflected in a previous study, which showed that TDCIPP [Tris(1,3-dichloro-2-propyl)phosphate], a chlorinated OPFRC that induced behavioral deficits in zebrafish, altered dnmt3aa transcript levels (Li et al., 2020). Comparison of TBBPA-DBPE and TCEP gene profiles showed that TBBPA-DBPE-induced neurobehavioral effects may be driven by a disruption of muscle structure development, an effect that may limit muscle formation and locomotor functions (Figure 6B). Based on our miR analysis, we found that expression of several miRs were commonly altered by multiple FRCs. Among these, mir-125b, mir-144, let-7 (an miR precursor), mir-9 and mir-219 were previously implicated in neuronal development, neurotoxicity and neurodegenerative diseases (Kaur et al., 2012; Novák et al., 2014). Co-regulatory analysis showed that differentially expressed mRNAs common to many FRCs were predicted to be regulated by common miRs. For example, mir-125b, whose expression was reduced by seven FRCs, was predicted to regulate a number of mRNAs that were, in turn, overexpressed by several FRCs and implicated in neurodevelopment, apoptosis and transcription (Figure 5B). Therefore, it is very likely that a single miR can impact a multitude of biological processes. Comparisons between TBBPA-DBPE and TCEP demonstrated that TBBPA-DBPE-induced dysregulation of WNT3A, a member of Wnt pathway known to impact neurodevelopment and neurodevelopmental disorders such as autism (Kumar et al., 2019). WNT3A mRNA interacted here with mir-15a-5p, again suggesting that key miRs may be involved in driving FRC-induced neurotoxicity (Figure 6C).



Lipid Metabolism and Other FRC-Disrupted Biological Processes

Lipid response was disrupted by exposures to non-halogenated OPFRCs, corroborating with previous reports of disrupted lipid metabolism/transport resulting in facilitated adipogenesis and disruption of liver development and function (Du et al., 2016; Cano-Sancho et al., 2017; Reddam et al., 2019). mir-144 and mir-92a regulate gene expression driving lipid metabolism (Aryal et al., 2017). Indeed, previous studies revealed that miR-92a binds to the 3′UTR of OSBPL2, a gene that regulates lipid binding and transport (Helwak et al., 2013), and this miR was impacted by several OPFRCs in our dataset (Figure 5B). This suggests that disruption of lipid-related processes may be regulated by miRs. Differentially expressed mRNAs with several other key functions, such as transcription, skeletal development and angiogenesis were also predicted to be regulated by key miRs, indicating that miRs play an important role in overall developmental responses to FRCs.

TBBPA was the only FRC that produced widespread mRNA expression changes where the nervous system was not the primary target. This was consistent with the observation that TBBPA did not alter zebrafish behavior and that the nervous system was not a direct target of this FRC as reviewed in Kacew and Hayes (2020). Instead, TBBPA primarily impacted pathways that affect synthesis and targeting of proteins that enter the endoplasmic reticulum, as well as translation, which may explain the significant morphological defects observed. It is important to note that TBBPA is primarily a reactive FRC (chemically bound to product matrix) and likely has a lower potential to leach into the environment compared to additive (not chemically bound to product matrix) FRCs.



mRNA-miR and mRNA-TF Interactions-Carcinogenic Signature

Zebrafish has been widely used as a model for studying cancer mechanisms (Hason and Bartůněk, 2019). Indeed, zebrafish developmental toxicity assays can detect carcinogens with ∼80% concordance with rodent data (unpublished data). miRs are important in tumorigenesis and our mRNA-miR interactions revealed FRC carcinogenic signatures. mir-125b is a known onco-miR that acts as a tumor suppressor; downregulation of this miR has been shown in several types of cancerous tissues (Wang et al., 2020). In our data, specifically for OPFRCs, reduced expression of mir-125b was associated with increased expression of BCL2 and TP53 (anti-apoptotic genes), ERBB2 (an androgenic gene) as well as CYP24A1 and VDR (Figure 5B); negative correlations of mir-125b with all of the aforementioned genes have been previously evidenced in several cancer types (Mohri et al., 2009; Banzhaf-Strathmann and Edbauer, 2014; Wang et al., 2020). Our mRNA-miR interaction data suggests the need to confirm and further understand the carcinogenic potential of current and emerging FRCs.

Expressions of several TFs such as RARG, RXR and, all known for their role in carcinogenesis, were frequently altered by several FRCs (Figures 7A,B). RAR and RXR are nuclear receptor transcription factors; RXRs heterodimerize with RARs and VDR and play important roles in regulation of genes that control cell proliferation (Dawson and Xia, 2012), specifically in tumor or cancer cells. Indeed, RAR-RXR dimerization has been targeted as a therapeutic option in acute promyelocytic leukemia using retinoids or rexinoids (Altucci et al., 2007). Here, the altered expression of both RAR and RXR was common to 7 FRCs (BDE-47, TPP, IPP, TiBP, TDBPP, TBBPA-DBPE, and TCEP) suggesting that there may be a common operant mode of action (Figure 7C). RXRs also heterodimerize with PPARs to regulate the expression of SEMA6B, a gene highly expressed in breast cancer (Murad et al., 2006). We observed disruption of both RXR and SEMA6B mRNA levels by the same 7 FRCs, and among these, PPARA was differentially expressed by TiBP and TDBPP. Likewise, RXR/RXR and VDR/RXR heterodimers also regulate the expression of IGFBP1 (Baxter, 2014), a tumor suppressor gene that was differentially expressed in at least 4 FRCs (IPP, TiBP, TDBPP, TBBPA). These data show that, similar to mRNA-miR interactions, FRCs may drive altered responses in mRNA-TF co-regulations that are carcinogenic signatures.

It is important to note that many these carcinogenic genes and TFs are not exclusive to cancer incidence, but also have crucial roles in development, often in their target tissues (Naxerova et al., 2008). For example, although RARs and RXRs are known for their roles in cancer, they also play an important role in development, specifically cardiac development (Rhinn and Dollé, 2012). In fact, previous zebrafish studies illustrate that RAR and RXR may be involved in cardiotoxicity induced by in TPP (Isales et al., 2015; Mitchell et al., 2018) and monosubstituted isopropylated triaryl phosphate, an organophosphate component of the flame retardant mixture Firemaster 550 (Haggard et al., 2017), respectively. This facet holds true for miRs as well; for example, mir-125b plays an important role in early neural specification and neurodevelopment (Boissart et al., 2012). Such studies often lack prominence since the majority of the validations are done in cancer models. Our data highlights the need for a better investigation of FRC-disrupted mRNA-TF and mRNA-miR regulations for their toxicological roles in in the context of development.



Interaction Between miR-TFs and Feed-Forward-Loop in IPP Exposures

Using IPP as an example, we showed specific examples of less common miR-TF interactions (Figure 8). For example, among the differentially expressed transcripts, IL1B interacted with mir-146a, an important pattern in inflammatory stress responses (Nahid et al., 2015). Conversely, mir-182 interacted with the TF RARG, a co-regulation signature of stress-induced senescence in human fibroid cell lines (Li et al., 2009). We also demonstrated an example of a feed-forward-loop (FFL)– a three-gene-pattern where one TF (IRF3) regulated the expression of a second TF (IRF7) and they both regulated the expression of a gene (ISG15) with an important role in innate immunity (Perng and Lenschow, 2018), suggesting that such networks may be commonly operant in response to FRC exposures. Study of FFLs are important since they accelerate expression of specific genes (Jin, 2013) and have been implicated in several diseases, including neurodegenerative diseases (Albeely et al., 2018). Our data suggested that such intricate molecular co-modulatory dynamics may drive FRC health effects and should be investigated.



TBBPA vs TBBPA-DBPE–Role of Transformation

TBBPA-DBPE was chosen as a derivative and transformative product of TBBPA and both of these are used as FRCs in polymers (Knudsen et al., 2007; Qu et al., 2013). While TBBPA can induce oxidative stress and neurobehavioral deficits (Chen et al., 2016; Wu et al., 2016), our data showed that the predominant effect was likely disruption of protein localization and disruption of translation resulting in large-scale morphological effects. For TBBPA-DBPE, neurodevelopment was an important targeted gene process (Figure 9), consistent with its behavioral phenotype. Though closely related structurally, gene expression changes following TBBPA-DBPE exposures were significantly different from TBBPA, with minimal overlap in gene expression, miRs and TFs.



Comparison Between BDE-47 and Replacement OPFRCs—Are They a Safer Alternative?

We also compared the mRNA expression signatures of BDE-47 with that of aryl and chlorinated OPFRCs (Figure 10). This was important to address whether the replacement of BDEs by OPFRCs is, in general, a safer alternative. Both our phenotypic and molecular data showed that, consistent with previous BDE-47 behavioral data (Chen et al., 2014), nervous system development was a key target unique to BDE-47. But the replacement OPFRC, IPP, was more bioactive, with cytokine responses potentially being a key mechanism of its toxicity. Among the chlorinated OPFRCs, consistent with previous work (McGee et al., 2012), neither TCEP nor TCPP produced phenotypic disruptions; however, TCEP produced widespread gene expression changes with cell signaling and lipid regulation being the most disrupted processes. Ours and other studies (Blum et al., 2019), would suggest that a blanket conclusion of greater safety with OPFRCs is not warranted, but given their greater structural diversity, safer chemistries among the existing OPFRs can be identified and used to guide incorporation of moieties for even greater safety.



CONCLUSION

Prior efforts to group the toxicity of FRCs by chemical class proved challenging. A more nuanced and sensitive approach was required. Since human exposure to FRCs remains a major public health concern, this study represents a significant advance by anchoring whole animal developmental phenotypes to their underlying mRNA-miR expression responses. Our results illustrate that while there are commonalities in mRNA and miR expression changes across different FRC physicochemical classes, FRCs belonging to identical classes can induce starkly different gene expression profiles and may need to be evaluated individually. Through computational analysis, we propose, for the first-time, predictive dynamics between miRs and mRNA targets that together may help to develop complex adverse outcome pathways for FRCs. Coupling phenotypic outcomes to gene expression in zebrafish offers rapid and powerful opportunities to guide the selection of safer flame retardant replacements for commercially important products. Finally, our study also demonstrates that miRs are key to understanding toxicological mechanisms and such regulatory network assessments between mRNA and miRs should be important considerations in toxicological profiling.
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Research involving autism spectrum disorder (ASD) most frequently focuses on its key diagnostic criteria: restricted interests and repetitive behaviors, altered sensory perception, and communication impairments. These core criteria, however, are often accompanied by numerous comorbidities, many of which result in severe negative impacts on quality of life, including seizures, epilepsy, sleep disturbance, hypotonia, and GI distress. While ASD is a clinically heterogeneous disorder, gastrointestinal (GI) distress is among the most prevalent co-occurring symptom complex, manifesting in upward of 70% of all individuals with ASD. Consistent with this high prevalence, over a dozen family foundations that represent genetically distinct, molecularly defined forms of ASD have identified GI symptoms as an understudied area with significant negative impacts on quality of life for both individuals and their caregivers. Moreover, GI symptoms are also correlated with more pronounced irritability, social withdrawal, stereotypy, hyperactivity, and sleep disturbances, suggesting that they may exacerbate the defining behavioral symptoms of ASD. Despite these facts (and to the detriment of the community), GI distress remains largely unaddressed by ASD research and is frequently regarded as a symptomatic outcome rather than a potential contributory factor to the behavioral symptoms. Allowing for examination of both ASD’s impact on the central nervous system (CNS) as well as its impact on the GI tract and the associated microbiome, the zebrafish has recently emerged as a powerful tool to study ASD. This is in no small part due to the advantages zebrafish present as a model system: their precocious development, their small transparent larval form, and their parallels with humans in genetics and physiology. While ASD research centered on the CNS has leveraged these advantages, there has been a critical lack of GI-centric ASD research in zebrafish models, making a holistic view of the gut-brain-microbiome axis incomplete. Similarly, high-throughput ASD drug screens have recently been developed but primarily focus on CNS and behavioral impacts while potential GI impacts have not been investigated. In this review, we aim to explore the great promise of the zebrafish model for elucidating the roles of the gut-brain-microbiome axis in ASD.
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INTRODUCTION

The contribution of the gut-brain-microbiome axis to health and disease states is a relatively new field of research (Figure 1) with increasing interest from both public and scientific spheres (Drossman and Hasler, 2016). An understanding of this axis draws on a range of disciplines including neurobiology, gastroenterology, microbiology, endocrinology, and psychology (Liang et al., 2018; Neuhaus et al., 2018). This breadth of subjects relevant to the gut-brain-microbiome field speaks to the diversity of its potential applications. Specifically, its relevance to research on neurological disorders like autism spectrum disorder (ASD) is of particular interest, as such disorders often cause a wide range of symptoms involving multiple body systems. Furthermore, the interconnected aspects of the gut-brain-microbiome offer alternative causal explanations and treatment strategies for symptoms traditionally understood to be strictly caused by deficits within the central nervous system (CNS) (Neuhaus et al., 2018; Lefter et al., 2019; Srikantha and Mohajeri, 2019; Tye et al., 2019). While ASD is still diagnosed by deficits in social communication, repetitive behaviors, and/or restrictive interests, comorbidities (co-occurring symptoms) like seizures, epilepsy, sleep disturbance, hypotonia, and GI distress are also common with significant negative impacts on quality of life (Christensen et al., 2018; “IACC, 2019 Strategic Plan For Autism Spectrum Disorder 2018–2019 Update,” 2019; Leader et al., 2020). Here, we review how recent studies of the gut-brain-microbiome axis have changed our understanding of ASD related symptoms and highlight the important role the zebrafish model can play in future research.
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FIGURE 1. Publication trends as listed by PubMed/NLM over the last two decades, search criteria for each is “gastrointestinal + autism” and “gastrointestinal + zebrafish.” Including all three search terms (GI + ASD + zebrafish) only resulted in three publications, the earliest in 2014.


Since it was first described in a small subset of patients in 1943, the clinical definition of ASD has been subject to an ever-changing set of criteria in an attempt to capture a condition that is both common and heterogeneous. Likewise, estimates of the prevalence of comorbidities associated with ASD have changed (Geschwind, 2009; Chaidez et al., 2014; Bresnahan et al., 2015; De Rubeis and Buxbaum, 2015; Tye et al., 2019). This shift in criteria likely stems from diverse causal factors including hundreds of implicated genes, environmental, and gene-environment interactions that contribute to ASD prevalence (Chaste and Leboyer, 2012). Our current understanding is that ASD impacts more than 1% of the population and is both etiologically and clinically heterogeneous. Given this heterogeneity, addressing underlying mechanisms to develop treatment strategies has been difficult (Manoli and State, 2021). Moreover, the field would greatly benefit from determining how body systems work cooperatively and/or antagonistically to produce both core behavioral symptoms of ASD and the comorbid symptoms like gastrointestinal (GI) distress (McElhanon et al., 2014; Pellicano et al., 2014; Frye et al., 2015; Latorre et al., 2016; Rao and Gershon, 2016; Rose et al., 2017; Goodspeed et al., 2020). GI distress occurs at a disproportionately higher rate in individuals with ASD than the general population, and symptom severity ranges from relatively low-impact to severe (Bresnahan et al., 2015). As research into these GI symptoms has expanded, mounting evidence suggests that they also contribute to the behavioral symptoms associated with ASD, a finding well-recognized even in patients without ASD and explained by the biopsychosocial model of disorders of gut-brain interaction (Klarer et al., 2014; Mayer et al., 2014; Drossman and Hasler, 2016; Sharon et al., 2019). With this in mind, it becomes apparent why the gut-brain-microbiome axis is a critical focal point for studying both the pathophysiology of ASD-related GI dysfunction and ASD as a whole.

Addressing GI symptoms within neurological disorders is challenging because the regulation of GI function is complex and full of redundant feedback mechanisms involving multiple body systems (Holtmann and Talley, 2014). Adding to this complexity is the fact that the luminal space of the GI tract is technically “outside” of the body and not sterile, lending itself to microbial and chemical exposure which could influence regulatory mechanisms. Under normal conditions, communication between the GI tract and the CNS is modified by contributions from immune, microbial, hormonal, motor, and sensory inputs (Grundy et al., 2006; Vanner et al., 2016). The GI tract also exerts a large amount of autonomous control over its own functions, with the enteric nervous system (ENS) interfacing with various mechanosensory, chemosensory, endocrine, immune, and secretory cells, altering GI function as needed to deal with threats and maintain homeostasis (Holtmann and Talley, 2014). These typical functions may be altered in ASD (Hsiao, 2014), and recent findings from both clinical and rodent model studies have begun to frame the importance of the gut-brain-microbiome axis in ASD (Hsiao, 2014).

Viewing autism as a disorder of the brain, without consideration of gut/microbiome can have unintended negative consequences; a prime example is the use of antipsychotics to reduce aggressive behaviors, since these also suppress GI motility and thus are likely to increase GI distress (de Alvarenga et al., 2017). In this review, we contend that the zebrafish presents unique opportunities to approach to autism research holistically. In particular zebrafish ASD models are amenable to genetic modification, in vivo visualization of multiple organ systems, and high-throughput studies, providing an ideal model system to address a multidisciplinary gut-brain-microbiome approach to ASD research (Brugman, 2016; Kozol et al., 2016; Phelps et al., 2017; Kozol, 2018; James et al., 2019).



GASTROINTESTINAL ISSUES AND THEIR LINK TO NEUROLOGICAL DISORDERS

Gastrointestinal distress is a pervasive co-occurring ailment in a wide range of neurological disorders, including Parkinson’s (Mulak and Bonaz, 2015; Liddle, 2018; Brudek, 2019), schizophrenia (Severance et al., 2015, 2016; Dickerson et al., 2017), and Alzheimer’s (Hill et al., 2014; Jiang et al., 2017; Kowalski and Mulak, 2019; Goyal et al., 2020; He et al., 2020). Only in the last 5 years has GI distress been more widely recognized as an ASD-related comorbidity, and the potential causes have been the subject of considerable and ongoing debate. Although a comprehensive discussion on the clinical prevalence and significance of GI distress in ASD is outside of the scope of this review, we believe reviewing a few critical points are helpful in framing the current state of zebrafish-based research as it relates to ASD and GI comorbidities.

Broadly speaking, the link between psychological and gastrointestinal states has been acknowledged for centuries (Wolf, 1981), though this understanding has not been applied to neurodevelopmental disorders like ASD until recently. In fact, while research from the late 90s and early 2000s explored links between ASD and GI distress, no thorough categorization or treatment of ASD-related GI distress was attempted until 2010 (Buie et al., 2010). This interdisciplinary panel was unable to link a specific GI pathophysiology to individuals with ASD; nonetheless, they agreed that the prevalence of GI abnormalities was not completely understood, GI symptoms are frequently linked with negative behavioral manifestations, and that more research was required before coming to any definitive conclusions on evidence-based treatment recommendations. Current clinical research into the ASD-GI link is still hindered by many of the same obstacles that were identified over a decade ago: inconsistent or varying criteria used to define GI phenotypes, inconsistent or varying methodology (including differences in the reporting and measuring of GI phenotypes), and inconsistent criteria for patient participation and selection. This explains, in part, the wide variation in reported prevalence of ASD related GI symptoms, which ranges from 23% to 70% (Chaidez et al., 2014; McElhanon et al., 2014). Recent work has attempted to address these issues (Bresnahan et al., 2015). In a prospective population-based cohort study with well-defined methodology and participation criteria, Bresnahan et al. (2015) has shown that individuals with ASD are not only more likely to experience GI-related problems when compared to their typically developing counterparts, but that the type of GI distress varies with age. Encompassing a 10-year period, 95,278 mothers (with 114,516 children) from the Norwegian Mother and Child Cohort Study (MoBa) were recruited to participate, with “ongoing follow-up [including] health, behavioral, developmental, and nutritional questionnaires and collection of clinical and biological data” and maternal reports of GI symptoms. Additionally, by simplifying the categories of GI distress to only include constipation, food allergy, and diarrhea, the study focused on easily identifiable symptoms and limited the possibility of over or underreporting. This is a particularly important consideration when dealing with children who have communication deficits, or with non-verbal autistic individuals, irrespective of age. This study represents the first large-scale prospective cohort study on ASD-related GI symptoms that confirms GI distress existing at a higher rate within the ASD population. It also underscores the need for not only more GI-related ASD research, but for unified and consistent approaches to measuring GI distress (Margolis et al., 2019).

In addition to prospective studies, severe GI symptoms have been reported in at least eighteen molecularly identified forms of ASD (Table 1), many of which have corresponding zebrafish and/or rodent models that exhibit reduced intestinal tract motility (Figure 2). Because many of these molecularly identified forms of ASD are rare, caused by sporadic de novo genomic changes, clinical needs of these individuals can often go unmet (SHANK3; Figure 2B). Interestingly, gene expression analyses have shown that many of these ASD-linked genes are expressed in the intestine in both mammals (Sauer et al., 2019) and zebrafish (Lavergne et al., 2020; Wen et al., 2020; Willms et al., 2020) raising the possibility that GI distress is caused by gut-intrinsic mechanisms. Because GI homeostasis is maintained through a concert of influence from the CNS, the microbiome, and the GI tract itself, studies focusing on how the three interact stand to provide the most comprehensive explanations for why GI distress is prevalent within ASD populations.


TABLE 1. Molecularly-defined forms of ASD with GI symptoms.
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FIGURE 2. Human genetics has identified 100s of sporadic, de novo genetic changes that can cause ASD; shown are a subset of these that report GI distress as a major symptom. (A) The Venn diagram shows genes linked to GI distress in ASD in the orange circle, those which have extant zebrafish models in the blue circle, and those in which reduced GI motility has been reported in an animal model. (B) The map shows where families caring for individuals with Phelan McDermid Syndrome are scattered across the globe making a standard of care challenging. This Google map image was generated by the Phelan McDermid Syndrome Foundation and is reproduced above with their permission.




THE ROLE OF THE CNS IN THE GUT-BRAIN-MICROBIOME AXIS

Gastrointestinal function is regulated by crosstalk between the nervous system, the gut, and the microbiome (Stengel and Tache, 2010; Drossman and Hasler, 2016; Zhao and Pack, 2017; Ganz, 2018) and, as such, disruptions to this cross talk can contribute not only to GI distress (Bielefeldt et al., 2016) but also to core behaviors used to diagnose ASD (Chaidez et al., 2014; McCue et al., 2017; Penzol et al., 2019). The brain tracks gut luminal contents via sensory enteroendocrine cells (EECs) scattered throughout the gut lining. EECs signal using hormones like serotonin and cholecystokinin (CCK) released into the bloodstream; EECS also use both hormones and fast-acting neurotransmitters to regulate activity of the gut-intrinsic ENS and the gut-extrinsic the parasympathetic vagus and sympathetic dorsal root neurons. These nerves provide a physical, fast-acting conduit that modifies activity across the CNS (Bohorquez et al., 2015; Bellono et al., 2017; Kaelberer and Bohorquez, 2018). Therefore, visceral stimuli influence not only visceral function via gut and brainstem reflexes but also homeostasis, reward, affect, and executive function (Kaelberer et al., 2020). While genes linked to ASD have been extensively studied for their roles in brain and behavior (Kozol et al., 2016), their function along the gut-brain axis has received much less attention. Underscoring the importance of visceral signals, recent studies in zebrafish have been able to accurately predict behavior sequences by integrating environmental stimuli and internal state (Johnson et al., 2020; Marques et al., 2020). Below we discuss the brain regions most relevant to the Gut-Brain axis; we also describe opportunities in zebrafish to better understand the gut-brain axis as it relates to symptoms in ASD.

For studies of the gut-brain axis, visceral sensory and motor pathways in diverse taxa are marked by their expression of the Paired-like homeodomain Phox2b transcription factor (Pattyn et al., 1999; Bertucci and Arendt, 2013; Nomaksteinsky et al., 2013; Harrison et al., 2014). When Phox2b function is disrupted in rodents, motor neurons that would normally innervate the viscera, find muscle targets, indicating that Phox2b functions to make specific CNS nuclei attend to the viscera (D’Autreaux et al., 2011). While this marker is conserved, one pronounced difference between mammals and zebrafish is that zebrafish and their relatives taste with sensory cells on their skin and lips and, as such, the first CNS relay for visceral sensations, the solitary tract nucleus (nTS), is lobed to accommodate expanded vagal, glossopharyngeal and facial inputs; nonetheless these lobes are thought to be functionally homologous to the gustatory portion of the nTS in mammals (Coppola et al., 2012). Work using tract tracing in zebrafish has helped to map the connectivity of largely conserved fish visceral brain circuits (Yanez et al., 2017).



SETTING THE STAGE

Even in advance of eating, sensations of external food stimuli as well as internal hunger or satiation states activate hypothalamic nuclei and play a highly conserved role in setting the stage (Sternson and Eiselt, 2017). Indeed hormonally regulated states of hunger, motivation to eat, satiety are similar in zebrafish and mammals (Jordi et al., 2015), though metabolic differences exist in leptin signaling associated with mammals being endotherms and fish being ectotherms (Gorissen and Flik, 2014). The ability to query the involvement of brain-wide circuits in zebrafish has been used to link behavioral states to brain activity (Randlett et al., 2015; Vanwalleghem et al., 2018). For example, seeing paramecia, a favored food of larval zebrafish, is sufficient to activate neural activity in the hypothalamus (Muto et al., 2017). Moreover, the transition between hunger and satiety can be mapped to activity in the ventromedial hypothalamus and lateral hypothalamus, respectively (Wee et al., 2019). In addition to hypothalamus, brainstem nuclei also respond to appetitive smell and taste in both fish and mammals (Vendrell-Llopis and Yaksi, 2015; Vincis and Fontanini, 2019) and sensorimotor integration during prey pursuit in zebrafish is modulated by feeding state (Filosa et al., 2016; Henriques et al., 2019). Due to the prevalence of eating disorders and sensory symptoms in ASD, an imbalance in sympathetic/parasympathetic tone is one of the hypotheses put forward to potentially explain these symptoms (Fenning et al., 2019). Currently, the physiological basis/es for eating difficulties in individuals with ASD is not well understood and is plagued by heterogeneity both in study design and how symptoms manifest across the spectrum (Margari et al., 2020). Recent studies show that while children with ASD are generally pickier about their food than neurotypical children (Babinska et al., 2020; Li C. et al., 2020), other symptoms may be unique to specific genetic forms of ASD. For example, in people with SYNGAP1 mutations, there is a correlation between eating and seizures (Vlaskamp et al., 2019).



GUT-BRAIN CONNECTIVITY

Innervating the gut, parasympathetic and sympathetic neurons link directly to the CNS and convey information about digestive and microbiome status as well as mechanical and/or chemical insult (Browning and Travagli, 2014; Niu et al., 2020). Vagus and sympathetic nerves have both sensory/afferent and motor/efferent components that carry out visceral reflexes as well as integrating and conveying information to and from widespread brain regions across the CNS.

Most of the recent gut-brain axis literature has focused on the vagus nerve. The cell bodies of the motor component of the vagal neurons reside in dorsal motor nucleus (DMV) in the caudal brainstem. Motor innervation of the viscera is denser in the anterior GI tract (esophagus, stomach, and proximal small intestine) and activity in these organs tends to promote regulation of GI secretions and motility appropriate to the phase of digestion (Tache et al., 2006; Browning et al., 2017). In zebrafish, islet1:GFP transgenics label all the cranial motor neurons including the vagal motor nucleus (Higashijima et al., 2000). The DMV is functionally distributed from rostral to caudal, with the neurons innervating the viscera enriched caudally (Barsh et al., 2017; Isabella et al., 2020). Sensory vagus neuron cell bodies reside outside the CNS in the Nodose ganglion, therefore, it is relatively straight-forward to monitor neuronal activity in these cells to identify salient gut stimuli (Bai et al., 2019; Tsang et al., 2020; Zhang W. et al., 2020) and this approach that has recently been used in zebrafish (Ye et al., 2020). Work in rodents supports a critical role for an intact vagus nerve in the ability of L. reuteri bacteria to rescue social deficits in a Shank3 ASD mouse model (Sgritta et al., 2019).

Sympathetic pre-ganglionic neurons when active during stress generally inhibit GI motility and secretion and also causes vasoconstriction that limits the blood supply to the viscera (Browning et al., 2017). Sensory sympathetic spinal afferents whose cell bodies reside in the dorsal root ganglia (DRG) also innervate the gut with denser innervation caudally (Muller et al., 2020). Sympathetic neurons are sensitive to digestion, injury, and microbes. While sympathetic innervation as it relates to digestion has not to our knowledge been studied in zebrafish, the DRG is accessible to electrophysiological recordings (Won et al., 2012) and both isl2b and ngn enhancers can drive expression of calcium sensors/light-gated channels in this cell type (Wright et al., 2010; Stil and Drapeau, 2016; Hall and Tropepe, 2018). Using these tools in zebrafish larvae could help elucidate GI stimuli and insults that activate sympathetic spinal afferents in vivo and how this activity is impacted zebrafish ASD models.

The brainstem/medulla oblongata is rich in nuclei that receive, process, and respond to sensory information from the GI tract. Vagal inputs directly innervate the Area Postrema (AP) and the Nucleus of the Solitary Tract (nTS) (Ma, 1997; Kaslin and Panula, 2001; McLean and Fetcho, 2004; Coppola et al., 2012). The AP is one of the few areas of the CNS that is not protected by the blood brain barrier and as such is responsive to factors/toxins in the bloodstream; neuronal activity in the AP is linked to the symptom of nausea (Zhang C. et al., 2020). Consistent with functions established in mammals, the zebrafish AP has been shown to be responsive to the pain-inducing Trp1A agonist AITC (Haney et al., 2020). The nTS serves as the first CNS relay to many other brain regions (Coppola et al., 2012; Yanez et al., 2017; Han et al., 2018) including the secondary gustatory nucleus aka parabrachial nucleus (PBN) as well as the DMV. Both nTS and PBN are marked by Phox2b expression with transgenic drivers available (Nechiporuk et al., 2007; Coppola et al., 2012). The zebrafish nTS is dorsal and sheetlike and, as such, is amenable to in vivo imaging studies (Vendrell-Llopis and Yaksi, 2015). Taste and visceral inputs map to different regions of the nTS in mammals (Vincis and Fontanini, 2019; Kaelberer et al., 2020) and in fishes, including zebrafish, visceral inputs map to the caudal part of the nTS in the adult brain (Kermen et al., 2013; Yanez et al., 2017). As a nucleus that integrates direct inputs from both viscera and CNS, the nTS holds promise for elucidating what aspects of the gut-microbiome-brain signaling may be altered in zebrafish ASD models.



GUT FEELINGS

In addition to visceral reflexes mediated at the level of hypothalamus and brainstem, widespread CNS nuclei mediating memory, emotion/affect, and motivation have been shown in rodents to also be responsive to gut stimuli (Kaelberer et al., 2020). Severing vagal afferents results in increased exploratory behaviors and risk-taking, heightened auditory-based fear conditioning, and altered neurotransmitters in the limbic system (Klarer et al., 2014, 2018). Stimulation of vagal afferents entering the brainstem on the right side engage a PBN to nucleus accumbens to dorsal striatum reward pathway and stimulating this pathway sufficient to elicit behaviors consistent with reward (Han et al., 2018). Another pathway activated through the vagus is the nTS to medial septum to hippocampus that when disrupted interferes with spatial memory (Suarez et al., 2018). Analogous zebrafish brain regions to those mediating memory, emotion/affect, and motivation in mammals are continuing to be elucidated in zebrafish, and anatomical studies indicate similar connectivity between visceral circuits and these brain regions in zebrafish (Yanez et al., 2017).

Elucidating the link between GI distress and negative behavioral symptoms could improve symptom management. Not only are GI symptoms common in ASD, but they correlate with more pronounced irritability, social withdrawal, stereotypy, hyperactivity, and sleep disturbances (De Rubeis and Buxbaum, 2015; McCue et al., 2017; Penzol et al., 2019). Such an intimate link between gut and brain symptoms is well-established in Parkinson’s disease where constipation often precedes the motor disturbances (Fasano et al., 2015; Mayer et al., 2015; Liddle, 2018; Ramprasad et al., 2018). The possibility that gut symptoms could contribute to the development of neurological symptoms has also been suggested in ASD (Mayer et al., 2014; Eshraghi et al., 2018) with recent studies providing empirical support (Sgritta et al., 2019).



ZEBRAFISH AS A MODEL FOR MICROBIAL STUDIES AND THEIR POTENTIAL ROLE IN ASD

Humans are extensively colonized with microbial species, resulting in several distinct microbiomes determined by geographic distribution across the host’s body (Human Microbiome Project Consortium, 2012). Interactions between host and microbiome are complex, and our understanding of the bi-directional influence between the two is evolving as the scientific community adopts a less human-centric view (reviewed in Wiles and Guillemin, 2020). Nonetheless, the microbiome has long been understood to play an important role in host form and function. While the GI microbiome was traditionally thought to predominately interact with its host through nutrient processing, further study has shown that it is capable of influencing the host immune system and nervous system as well, and thus has direct implications in disorders like ASD.

The composition of the human GI microbiome is largely determined by functional, rather than taxonomic, qualification. The gut microbiome does not need any particular species profile to operate and maintain a commensal relationship with the host. Rather, it requires certain functions to be performed, which can be executed by any number of potential microbial species. In humans, the microbiome is composed of predominantly Firmicutes and Bacteroidetes species (Human Microbiome Project Consortium, 2012). Much like an ecosystem of macroorganisms, the human GI microbiome is influenced by its physical habitat (gut morphology), resource availability (host diet), and interspecies interaction (both between microorganisms and between the microbiome and host itself). Likewise, both the development and the function of the vertebrate immune and nervous system are affected by the GI microbiome. The gut microbiome is capable of exerting an effect on neurological functioning through several pathways, with metabolites able to travel through the host bloodstream or act locally upon the vagus (Schroeder and Backhed, 2016; Fulling et al., 2019). Immune responses elicited by microbes or their metabolites can also have implications on the brain and its function.

The GI microbiome also plays an important role in the development of the host immune system. Early-colonizing microbial species provide “training” to immune effectors, allowing them to become accustomed to commensal communities and to distinguish between them and pathogenic microorganisms. Severe negative consequences can occur when this process is interrupted or prevented. In germ-free mice, colonic epithelial cells are incapable of raising an immune response upon exposure to a bacterial pathogen (Lundin et al., 2008). Similar dysfunction can be seen in germ-free zebrafish, which display impaired differentiation of GI cell types such as goblet and enteroendocrine cells along with impaired nutrient uptake and death prior to adulthood if not conventionalized (Bates et al., 2006; Melancon et al., 2017). Human infants that avoid exposure to maternal microbiomes through cesarean delivery and/or formula feeding display increased inflammatory responses and autoimmune disorders (Toscano et al., 2017; Koch et al., 2018). As the microbiome shapes the immune system, the innate immune system of the host in turn shapes the native microbiome to one tailored to the individual’s metabolic needs (Thaiss et al., 2016).

The microbiome has been shown to be capable of affecting or inducing multiple aberrant neurological phenotypes in various study systems. Some of these alterations have been traced to bacterial metabolites such as short chain fatty acids (SCFAs). Elevated levels of SCFAs have been directly detected in fecal samples from autistic patients (Wang et al., 2012). Although it was undetermined if those levels were mediated by the gut microbiome, other studies have likewise shown increased numbers of the Clostridia family (enterobacteria that are key producers of various SCFAs) in stool samples from individuals with autism. Studies in rats have recapitulated a behavioral phenotype resembling that of autistic patients by treatment with propionic acid, a short-chain fatty acid produced by Clostridia (MacFabe et al., 2007). Similar associations have been found in models of Parkinson’s disease, where bacterial SCFAs were sufficient to promote neuroinflammation in the mouse subjects (Sampson et al., 2016). The microbiome has also been shown to influence neurological conditions through modulation of the immune system (Benakis et al., 2016; Schroeder and Backhed, 2016). Microbial attenuation of inflammatory cytokines has been linked with reductions in anxiety (Cryan and O’Mahony, 2011) and antibiotic treatment in a stroke mouse model has been shown to confer neuroprotection post-ischemic injury through a reduction in intestinal immune effectors (Benakis et al., 2016). In addition to influencing immune activity, microbes in the gut are capable of altering hormone signaling as well. Spore-forming bacterial species in the gut have been shown to induce serotonin production by enterochromaffin cells through the release of several metabolites. This promotion of serotonin production was found to ameliorate the reduced GI motility seen in germ-free mice when the subjects were colonized with the spore-forming species (Yano et al., 2015).

Zebrafish are powerful model organisms for experiments involving microbiome contribution. As they are initially colonized by microbes via their environment, it is possible to raise them in sterilized conditions that result in germ-free individuals (Rawls et al., 2004). Once germ-free subjects are generated, experiments involving selective colonization, introduction of metabolites, and conventionalization effects are possible. The zebrafish gut is able to be imaged in vivo in the early life stages due to the optical transparency of larvae. This allows for examination of gut function like motility, and barrier function (Marjoram et al., 2015), as well as location and interspecies dynamics of fluorescently labeled bacterial species (Wiles and Guillemin, 2020). The gut is also easily dissectible, allowing for extraction of the microbiome for 16S sequencing.



ZEBRAFISH AS A MODEL FOR GI FORM AND FUNCTION, AND MODELING ASD-RELATED GI DYSFUNCTION

The use of zebrafish models for GI research has increased considerably over the last three decades (Figure 1), with publications exploring conserved and unique aspects of GI form and function, as well as more nuanced topics including specific disease models (reviewed in Zhao and Pack, 2017) and external impacts like microplastic exposure (Qiao et al., 2019) and chemotherapy treatment (Van Sebille et al., 2019). Like the animal model as a whole, the zebrafish GI system has many physiological similarities and differences with its mammalian model counterparts. There is conservation of key GI cell types in the zebrafish GI tract, with absorptive enterocytes, mucus producing goblet cells, chemo/mechano-sensitive enteroendocrine cells, and the innervation by the ENS (Roy-Carson et al., 2017) filling similar functional niches. The digestive tract and its accessory organs similarly form from a strip of endodermal tissue in early development (as early as 21 hpf in zebrafish) (Wallace and Pack, 2003). While there is some debate as to whether these organs develop individually or from the same interconnected endodermal strip (Ng et al., 2005), the differential expression of conserved genes key to GI development begins as early as 18hpf. Expression of these orthologs, such as pharyngeal endoderm associated gene axial, liver development gene hhex, pancreas development gene pdx, and esophageal gene gata-6, suggest that GI development in zebrafish differs slightly from mammals, with progenitors for the liver, pancreas, and pharynx existing before morphogenesis of the GI tract itself is complete. Similarly, small differences exist for the roles of morphogens like sonic-hedgehog (shh); required as a negative regulator for pancreatic development in mammals, in zebrafish it appears to be a positive regulator (Wallace and Pack, 2003). Like in mammals, the zebrafish GI tract has distinct functional layers, with an epithelial mucosal layer, and an underlying muscular layer innervated by the ENS. Unlike mammals, however, zebrafish lack a submucosal layer, villi are replaced by broad folds in the mucosal layer, the ENS is not organized into ganglia (acting instead as a nerve net), and the proliferative crypts of Lieberkuhn are absent (though proliferating cells still expand from stem cell niches at the base of the mucosal folds) (Wallace and Pack, 2003; Ng et al., 2005; Wallace et al., 2005; Uyttebroek et al., 2010). From a functional perspective, the zebrafish also has other simplifications when compared to mammalian models; they lack a true stomach (separated by sphincters and containing acid-producing Paneth cells) and instead have an intestinal bulb. This bulb likely acts as a reservoir for food, and motility patterns in this region are both anterograde and retrograde, acting to mix and break food down mechanically (Holmberg et al., 2004). These and other differences point to an overall simplification of the GI tract in zebrafish. Although components of the GI tract (including development, cell types, and molecular signaling) are conserved between zebrafish and mammals, there are important differences that need to be acknowledged when using zebrafish as a model for GI research.

From a GI-research prospective, zebrafish offer a key advantage over mammalian models: their external fertilization, development, and early transparency make studying GI function in vivo significantly easier. Measurements of digestive transit, peristaltic rate, and general ontogeny of GI motility can be made before the larvae begin feeding (with spontaneous motility developing before 5 dpf) (Holmberg et al., 2004), and do not require any complex or potentially variable-confounding surgical procedures. The measurement of motility in zebrafish also has its disadvantages; since this is a relatively new branch of zebrafish research, the approaches have not been standardized, with multiple labs (including our own) creating their own software for measurements of motility and transit (Field et al., 2009; Rich, 2009; Jordi et al., 2015; James et al., 2019). Although these different models share similar components and aims, the differences could present possible complications when comparing results. For instance, in our own model, while measuring transit and motility are relatively straightforward, determining the force of muscular contraction is difficult, and potentially confounding variables (such as food particles in the GI tract) mean that measuring GI motility specifically (and excluding the movement of particulates) becomes difficult. Additionally, as most motility software was developed for in-house use, the user-interface and technical aspects of each model present possible speedbumps for researchers unfamiliar with the software. The field, as a whole, would benefit from a unified method for GI motility measurement, especially when attempting to tackle questions on ASD-related GI distress.

While there is increasing interest in zebrafish-based GI research, and similarly, increasing interest in the relationship between ASD and GI dysfunction in non-zebrafish models (Figure 1), there has not been a coupling of the two. In fact, to our knowledge and excluding our own work, there have only been three publications that include data on ASD-related GI symptoms using zebrafish models, one of which is technically not ASD-specific (focusing on CHARGE syndrome, which has overlap with ASD but is distinct) (Bernier et al., 2014; van der Vaart et al., 2017; Cloney et al., 2018). This represents, in our view, a significant shortcoming that should be addressed in future studies. Previous work from our lab (James et al., 2019) attempts to address this shortcoming, and utilizes some of the aforementioned zebrafish GI assays to look at GI dysfunction in a monogenic ASD model. In this work, we focus on GI dysmotility found in CRISPR mutant of ASD related gene shank3ab. We found that while there was no difference in enteric neuron count, there was a significant decrease in the expression of serotonin-positive enteroendocrine cells in shank3ab mutants. We also note that RNA-seq data from a collaborating lab has found that shank3ab expression is detected in this population of cells (Wen et al., 2020). Interestingly, recent work in mouse models has found that enteroendocrine cells (specifically serotonin producing enterochromaffin cells) synapse directly with the ENS (Bellono et al., 2017). Taken together, this suggests that changes in GI physiology can have profound impacts on GI-CNS communication, and that there may be a non-CNS role for genes like shank3ab, which are largely understood and studied through their context in the CNS. To add further complexity to the picture, we also found increased goblet cell populations when comparing adult WT and shank3ab mutant fish, a difference not present in larval fish and indicative of possible age-related GI inflammation; we are currently exploring the microbial implications behind this finding. This work, coupled with the previously mentioned ASD-GI publications presents possible venues for establishing ASD-related GI pathophysiology, and it sets a foundation for future studies.



DISCUSSION: DRAWING CONCLUSION AND LOOKING FORWARD

In this review, we have discussed some of the important research in the gut-brain-microbiome field, as well as presented the zebrafish as an ideal model for future multidisciplinary ASD studies. Moving forward, we hope research in zebrafish models increasingly integrates behavioral phenotypes and comorbidities of sleep, seizure, and GI function to obtain a more complete understanding of how genetic changes that can cause ASD impact the organism as a whole. To this end, there have been recent advances in the development of social assays that have helped characterize the neural circuits involved in social behavior (Dreosti et al., 2015; Stednitz et al., 2018). Additionally, adult social behaviors in a zebrafish ASD model have reduced shoaling behavior (Liu et al., 2018). While the bulk of current zebrafish ASD models are caused by indels that result in premature stop codons, recently developed CRISPR/Cas9 technologies in zebrafish are making tissue-specific mutagenesis and knockins that replicate patient-specific mis-sense mutations more broadly feasible (Albadri et al., 2017; Li J. et al., 2020). These technological advances continue to make the zebrafish an increasingly valuable model for ASD research.

It is also important to briefly highlight the role zebrafish are playing in high-throughput drug screening and drug discovery for treating ASD comorbidities. The zebrafish is becoming a well-established model for drug screening (Haesemeyer and Schier, 2015; Hoffman et al., 2016; Cassar et al., 2020), and is a particularly powerful model for high-throughput screens aimed at tailoring integrative care on a patient-symptom basis. The broad heterogeneity within ASD warrants an equally broad scope of research on different palliative drugs. It should be noted, however, that this heterogeneity also complicates the treatment of comorbidities along with the core behavioral phenotypes associated with ASD. Many current drugs are aimed at treating behavioral problems such as irritability and aggression (Stachnik and Gabay, 2010; Coleman et al., 2019), and in doing so frequently overlook downstream side-effects that might also be contributing to the initial behavioral issue. Risperidone, for example, is often used to treat problematic behavioral issues associated with ASD by inhibiting dopaminergic D2 receptors and serotonergic 5-HT2A receptors and can lead to constipation in human patients, which can in turn lead to a worsening of non-verbal behaviors such as agitation and anxiety. Similarly, common GI medications used to treat delays in gut transit (such as Metoclopramide) can lead to changes in behavior in zebrafish due to a compensatory mechanism following weakened dopamine signaling (Shontz et al., 2018). To further complicate the issue, the relationship between the GI microbiome and drug application is not well understood. As such, we believe the zebrafish also serves as an ideal model for ASD drug screening, not only for behavioral impacts, but for GI and microbiome impacts as well (Cassar et al., 2015). As their power in translational ASD research is already well established (Ijaz and Hoffman, 2016; Sakai et al., 2018), zebrafish could serve as an intersection between patient care and foundational exploratory research, with pre-clinical trials of newly discovered drugs helping to inform which treatments have the best benefit for multiple symptoms.

Autism spectrum disorder research has largely been compartmentalized, whether into behavioral, molecular, or microbial aspects. Given the interconnected regulatory pathways and feedback loops existing between the CNS, GI tract, and microbiome, we believe this compartmentalization acts to the detriment of a broader understanding of the disorder. Consequently, if the current lack of ASD-related GI research is filled, it could stand to provide critical components to both CNS and microbiome research, while also producing important foundational information on potential ASD-related GI pathophysiology.
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Cancer predisposition syndromes are rare, typically monogenic disorders that result from germline mutations that increase the likelihood of developing cancer. Although these disorders are individually rare, resulting cancers collectively represent 5–10% of all malignancies. In addition to a greater incidence of cancer, affected individuals have an earlier tumor onset and are frequently subjected to long-term multi-modal cancer screening protocols for earlier detection and initiation of treatment. In vivo models are needed to better understand tumor-driving mechanisms, tailor patient screening approaches and develop targeted therapies to improve patient care and disease prognosis. The zebrafish (Danio rerio) has emerged as a robust model for cancer research due to its high fecundity, time- and cost-efficient genetic manipulation and real-time high-resolution imaging. Tumors developing in zebrafish cancer models are histologically and molecularly similar to their human counterparts, confirming the validity of these models. The zebrafish platform supports both large-scale random mutagenesis screens to identify potential candidate/modifier genes and recently optimized genome editing strategies. These techniques have greatly increased our ability to investigate the impact of certain mutations and how these lesions impact tumorigenesis and disease phenotype. These unique characteristics position the zebrafish as a powerful in vivo tool to model cancer predisposition syndromes and as such, several have already been created, including those recapitulating Li-Fraumeni syndrome, familial adenomatous polyposis, RASopathies, inherited bone marrow failure syndromes, and several other pathogenic mutations in cancer predisposition genes. In addition, the zebrafish platform supports medium- to high-throughput preclinical drug screening to identify compounds that may represent novel treatment paradigms or even prevent cancer evolution. This review will highlight and synthesize the findings from zebrafish cancer predisposition models created to date. We will discuss emerging trends in how these zebrafish cancer models can improve our understanding of the genetic mechanisms driving cancer predisposition and their potential to discover therapeutic and/or preventative compounds that change the natural history of disease for these vulnerable children, youth and adults.
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INTRODUCTION


Cancer Predisposition Genes

Tumor-specific mutations that cause cancer are usually somatic and are cumulatively acquired over a lifetime, which explains the greater cancer prevalence in the older demographic. In contrast, germline mutations in certain genes, termed cancer predisposition genes (CPGs), are associated with an increased cancer risk. Germline mutations in CPGs often lead to hereditary cancer syndromes, which represent 5–10% of all malignancies and typically have a much earlier tumor onset than their sporadic counterparts (Garber and Offit, 2005). Despite the lack of a generally accepted CPG definition, one study identified 114 CPGs as the genes whose rare mutations increase the relative risk of cancer > 2 fold in at least 5% of individuals (Rahman, 2014). Another extensive study analyzed tumors from 10,389 individuals across 33 different cancer types and identified 152 CPGs using CharGer (Characterization of Germline Variants), an automatic variant classification pipeline they developed that ranks the pathogenicity of a certain mutation (Huang et al., 2018).

Unsurprisingly, many frequently mutated cancer driver genes in sporadic cancers have also been classified as CPGs, such as TP53, APC, BRCA1/2, ATM, and NF1, and as such, the knowledge gained by examining the role of germline CPG mutations will help shed light on the mechanisms of tumor formation for both sporadic and inherited cancers (Lu et al., 2015; Zhang et al., 2015). Additionally, 115 novel ultra-rare cancer-exclusive variants have been associated with known and candidate CPGs (Rasnic et al., 2020). Somatic mutations in 21 of these candidate CPGs were identified in 35% of cancers from 10,953 patients and were associated with a significantly decreased median survival time. This study shows the relevance of CPGs to the broader cancer research field and demonstrates the need to expand the list of known CPGs to assist with personalized diagnostic approaches and prognosis of cancers as well as to better understand the biological mechanisms of tumorigenesis to inform novel targeted therapeutic strategies.



Zebrafish as a Cancer Disease Model System

There are several traditional model systems commonly used to study cancer, including cell culture based, zebrafish and mouse models. These models all have their own unique advantages and limitations (Figure 1) which can be leveraged in different ways to contribute to cancer and developmental biology as well as to human disease research.
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FIGURE 1. Experimental advantages and limitations of commonly used model organisms (d’Amora and Giordani, 2018).


The many advantages of the zebrafish position it as a powerful in vivo model, especially for preclinical genetic studies to investigate cancer predisposition (Figure 1). Zebrafish share a high degree of genetic conservation with humans, and tumors that develop in zebrafish are histologically similar to their human counterparts. Zebrafish larvae (and some adult strains such as casper White et al., 2008) are transparent, which enables live high-resolution imaging to track single cells and visualize tissues, as well as for large-scale and non-invasive tumor screening studies which is much more feasible than in a mouse model. The high fecundity of zebrafish combined with external fertilization and rapid development to sexual maturity makes the creation of new disease models by genome editing rapid and inexpensive in comparison to the much lower number of offspring, longer time to reach sexual maturity, and higher housing costs of rearing mice. The specificity and adaptability of genome editing technologies available to zebrafish researchers has grown tremendously in the recent years and facilitates both the generation of representative models for specific disease-causing mutations and forward genetic screens to identify genes and pathways involved in cancer predisposition.



Genome Engineering Strategies for Cancer Predisposition Genetic Models in Zebrafish

Genome engineering technologies have been heavily utilized in zebrafish disease modelling. A recent review catalogued and thoroughly discussed available technologies, and we encourage readers to consult this review for information on forward genetic screens using chemical mutagens, TILLING (Targeting Induced Local Lesions IN Genomes), transgenic techniques, gene editing using Zinc Finger Nucleases (ZFN), TAL-effector Endonucleases (TALEN) and Clustered Regularly Interspaced Palindromic Repeats (CRISPR)/Cas9 strategies (Raby et al., 2020).

Recent advances have expanded the range of available CRISPR nucleases, guide RNA design tools and other emerging technologies available to edit the zebrafish genome (Prykhozhij et al., 2018a; Liu et al., 2019). Off-target gene editing is a frequent problem when using CRISPR nucleases and this issue has been recently addressed both by the development of more sophisticated guide RNA design tools (Prykhozhij et al., 2018a; Liu et al., 2019) as well as by generating zebrafish-optimized vectors encoding HiFi Cas9 (Vakulskas et al., 2018) and highly specific but less efficient hypaCas9 (Chen et al., 2017) and testing them as mRNAs as well as commercial wild-type and HiFi Cas9 proteins using the same strategies (Prykhozhij et al., 2020).

Generating point mutants efficiently and precisely is one of the most important areas for optimizing genome editing technologies. The use of CRISPR/Cas9 and chemically synthesized oligonucleotides has been the earliest and primary approach to introduce point mutations into the zebrafish genome. We have optimized this technology in zebrafish to generate cancer-relevant point mutants in the tp53 gene (Prykhozhij et al., 2018b) and have reviewed other studies which applied similar techniques to introduce specific knock-in mutations (Prykhozhij and Berman, 2018). The limitations of this technology are that the double strand breaks and DNA repair machinery are still required for mutant generation, thus limiting efficiency to a maximum of < 10%. CRISPR/Cas9 point mutation knock-ins with enzymatically-synthesized long single-stranded DNA of 300-500 nucleotides as templates have recently been shown to have higher efficiencies in zebrafish compared to shorter oligonucleotides or double-stranded RNA molecules (Bai et al., 2020), but the efficiencies were measured based on single embryo phenotypes, which is prone to over-estimates. The zLOST (zebrafish long single-stranded DNA template) method is directly analogous to a similar Easi-CRISPR method in mice (Miura et al., 2018).

Among newer technologies for introducing precise mutations are base editors and prime editing, which both remove the need for double-strand breaks (DSB) and template oligonucleotides. Base editors use enzymatically inactive dCas9 fused to deaminase enzymes to mediate mutagenesis in defined parts of guide RNA recognition sites (reviewed in Liu et al., 2019). However, base editors are limited by both the inability of one molecule to introduce different types of mutations and a narrow but not completely defined region of activity. The most anticipated technology to be adopted for use in zebrafish is prime editing as developed by the lab of David Liu (Anzalone et al., 2019), who engineered a fusion of a Cas9 nickase with a reverse transcriptase enzyme to perform edits based on the information encoded in a prime editor guide RNA (pegRNA). The basic mechanism of prime editing consists of the following steps: Cas9 nickase cuts the strand opposite from its pegRNA recognition site, the primer-binding site of pegRNA binds to the released single-strand region of target DNA, and the reverse transcriptase enzyme copies the edited sequence from the pegRNA into the single strand of DNA which is then repaired with the edit being stably introduced into the DNA. In another strategy, denoted PE3b, the nickase with the regular guide RNA cuts the unedited strand thus promoting repair using the edited DNA strand (Anzalone et al., 2019).

Additionally, the generation of true null mutants in zebrafish is important for robust gene function analysis. While analyzing the transcriptional adaptation to indel mutants, El-Brolosy identified a strategy of deleting the proximal promoter and the first exon to generate “RNA-less” mutants failing to transcribe the gene (El-Brolosy et al., 2019). This strategy is likely highly robust, based on the published data and our own observations, but its utility has been questioned for some long non-coding RNAs (lncRNA), whose transcription was not fully blocked or altered by RNA-less deletions (Lavalou et al., 2019). Instead, insertion of a poly-adenylation signal was more effective for the malat lncRNA gene. GeneWeld is a CRISPR/Cas9 and microhomology-based gene insertion technology typically used for protein fusion gene generation (Wierson et al., 2020) that can be easily used to insert a fluorescent protein tag or another insert coupled with a stop-codon and a poly-adenylation signal at the 5′ end of a protein-coding gene thus disrupting it coupled with a fluorescent marker. Moreover, GeneWeld allows for a transgenic marker such as fluorescent protein expression in the lens or heart thus marking the mutant allele.



STUDIES OF CPGS IN ZEBRAFISH: DEVELOPMENTAL AND CANCER PREDISPOSITION MODELS

For this review, we focused on zebrafish models of cancer predisposition based on CPGs from published lists (Rahman, 2014; Huang et al., 2018), many of which are implicated in cancer predisposition syndromes such as Li-Fraumeni syndrome (LFS), familial adenomatous polyposis (FAP), Cowden syndrome, Peutz-Jeghers syndrome (PJS), tuberous sclerosis complex (TSC), RASopathies, and certain hematological disorders. We will also discuss CPG mutations that, although not directly linked to a syndrome, are associated with DNA repair and genome stability and thus increase the risk of developing tumors. We have summarized the observations from current zebrafish cancer predisposition models (Supplementary Table 1) and classified all CPGs according to their primary functional category, highlighting those where significant zebrafish studies exist (Table 1).


TABLE 1. Broad and non-exclusive functional categories of CPG proteins.
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Li-Fraumeni Syndrome

Li-Fraumeni syndrome is a hereditary cancer predisposition disorder that albeit rare, is one of the most recognized due to the high penetrance and range of associated tumors. Affected individuals develop a spectrum of malignancies (most commonly breast cancers, bone and soft tissue sarcomas, adrenocortical carcinomas, brain tumors, and leukemia) that typically arise much earlier than their sporadic counterparts (Li et al., 1988; Malkin, 2011; Figure 2). More than 30% of LFS patients develop cancer during childhood and adolescence, and those that survive face an 83-fold relative risk of developing additional malignancies (Hisada et al., 1998). Germline mutations in TP53 have been identified as the causative event in 70–80% of individuals with LFS (Malkin, 1993). TP53 is the most commonly mutated gene in all cancers and its corresponding protein, p53, is a potent tumor suppressor that orchestrates the response to cellular stress, such as DNA damage, by activating numerous target genes that induce cell cycle arrest, inhibit proliferation, and promote apoptosis among several other cellular processes (Cadwell and Zambetti, 2001). The most frequent TP53 mutations found in both LFS and sporadic tumors are missense mutations clustered in several hotspot regions in the DNA binding domain at codons 175, 245, 248, 273, and 282, although germline and somatic mutations present at different frequencies (Figure 2). However, the wide spectrum of tumors that develop and the varying time to onset cannot be simply attributed to TP53 mutations but may be partially explained by a number of cooperating factors including copy number variants, shortened telomeres, and somatic mutations in modifier genes (Bond et al., 2004; Tabori et al., 2007; Shlien et al., 2008).
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FIGURE 2. Comparison of germline and sporadic TP53 mutations found in human cancers. Top row: Germline and somatic missense mutations have been mapped to specific TP53 residues and domains. The frequencies of the mutations in selected hot-spot residues are indicated by the height of lollipop graph elements and the size of their circles. The circles of selected mutations are highlighted in red and the residues are labeled. The total numbers of germline and somatic mutations recorded are different in IARC TP53 datasets. Bottom row: Tissues associated with tumors due to germline and somatic TP53 mutations. The frequencies are represented as percentages of the total recorded tumors. In the plot, these percentages are scaled by the square root to visualize less frequent tissues. Plots were constructed using G3viz and ggplot2 R packages based on the IARC TP53 database (https://p53.iarc.fr/) after limiting the datasets to the missense mutations.


TP53 is highly conserved in zebrafish, especially in the protein DNA-binding domain where ∼90% of the mutations identified in human tumors are found (Hainaut and Pfeifer, 2016). Additionally, zebrafish and mammals share induction of the same p53 target genes (e.g., cdkn1a, cycg1, gadd45a/b, mdm2, bax1, puma, and noxa) following ionizing radiation (IR), which is used to induce DNA damage and trigger p53 pathway activation (Parant et al., 2010). Unsurprisingly, several zebrafish tp53 mutants have been developed to investigate both sporadic cancers and LFS. One of the initial approaches used to create tp53 point mutants was through N-ethyl-N-nitrosourea (ENU) targeted mutagenesis. This strategy was employed to generate two zebrafish tp53 mutants with missense mutations in the DNA-binding domain, tp53N168K and tp53M214K, equivalent to human TP53N200K and TP53M246K, the latter being proximal to several hotspot mutations (Berghmans et al., 2005). These mutants were resistant to IR-induced apoptosis, indicating disrupted p53 signaling; however, the tp53N168K mutants were only capable of this phenomenon when raised at 37°C instead of the normal zebrafish homeostatic temperature of 28.5°C. The tp53M214K mutants developed malignant peripheral nerve sheath tumors (MPNSTs) with approximately 28% tumor incidence by 16.5 months. However, a low tumor penetrance combined with a lack of tumor development in heterozygous mutants indicate that this mutant does not completely recapitulate the LFS phenotype (Berghmans et al., 2005).

Another zebrafish mutant, tp53I166T, was identified by screening the progeny of ENU-mutagenized zebrafish for the IR-induced apoptosis resistance phenotype (Parant et al., 2010). The location of this mutation is analogous to human codon 195, which is also implicated in several sporadic cancers (Kanda et al., 2013; Mullany et al., 2015). tp53I166T mutants have characteristics of the LFS phenotype including highly penetrant tumorigenesis, especially sarcomas, and dominant negative activity of mutant p53 (Parant et al., 2010). Both the tp53I166T homozygous and heterozygous mutants developed tumors and the tp53+/I166T mutant tumors displayed a high rate of loss of heterozygosity (LOH) of the wild-type tp53 allele, a characteristic frequently observed in LFS tumors. Mutants experienced aggressive tumorigenesis, with the first tumor appearing by 9 months and overall a dismal 50% survival rate by 15 months. However, the tp53I166T mutation was characterized as a loss of function (LOF) mutation in contrast to gain-of-function (GOF) mutations that are more commonly found in both LFS and sporadic tumors (Parant et al., 2010).

To further investigate the effect of p53 loss on tumorigenesis, a tp53 knockout zebrafish mutant was engineered using TALEN endonucleases (Ignatius et al., 2018). Although most LFS mutations are missense mutations, a small subset of LFS patients possess deletions at the TP53 locus. The tp53–/– fish are resistant to IR-induced apoptosis and developed a wider spectrum of malignancies than the tp53M214K and tp53I166T mutants, including MPNSTs, angiosarcomas, germ cell tumors, and a natural killer cell-like leukemia. Homozygous tp53–/– mutants developed tumors as early as 5 months with a 37% tumor incidence by 12 months. Heterozygous tp53+/– mutants also developed tumors, although infrequently, suggesting LOH also contributes to tumorigenesis in these mutants.

Recently, our group optimized the oligonucleotide-based CRISPR/Cas9 point mutation insertion strategy to generate specific knock-in mutations and employed this strategy to engineer a zebrafish tp53R217H mutant, equivalent to the human GOF TP53R248H mutation, representing one of the most frequent hotspot mutations found in both LFS and sporadic tumors (Prykhozhij et al., 2018b). Further characterization of these mutants will help shed light on the specific mechanisms and pathways involved in LFS.



CPGs in the Wnt/β-Catenin and PI3K/Akt/mTOR Pathways

Both the Wnt/β-catenin pathway and the phosphatidylinositol-3-kinase/Akt/mechanistic target of rapamycin complex 1 (PI3K/Akt/mTOR) pathway are upregulated in many cancers. The Wnt/β-catenin signaling pathway is essential for development and plays an important regulatory role in cell proliferation, polarity, and fate determination as well as for adult tissue maintenance (Logan and Nusse, 2004; MacDonald et al., 2009; Martin-Orozco et al., 2019). The PI3K/Akt/mTOR signaling pathway regulates many key cellular processes including proliferation, growth, metabolism, and survival (Jiang et al., 2020). Numerous studies have implicated crosstalk between these pathways as contributing to both tumorigenesis and therapeutic resistance in several cancer types including colorectal cancer, T-cell acute lymphoblastic leukemia, gastric cancer, and cervical cancer (Choi et al., 2019; Evangelisti et al., 2020; Guerra et al., 2020; Prossomariti et al., 2020). Oncogenic aberrations in these pathways are implicated in a wide spectrum of malignancies and are present in many syndromes associated with germline mutations in CPGs including FAP(APC), PJS (LKB1); Cowden syndrome (PTEN), and TSC (TSC1/2) (Figure 3).
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FIGURE 3. Schematic of the Wnt and PI3K/Akt/mTOR signaling pathways. (A) The inactive state of the Wnt signaling pathway. In the absence of Wnt ligands, the destruction complex (Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1), and GSK3β) phosphorylates β-catenin, marking it for ubiquitination (Ub) by beta-transducin repeat-containing protein (β-TrCP). β-catenin is degraded by proteasomes, thus preventing transcription of Wnt target genes. (B) The activation of the Wnt signaling pathway occurs upon the binding of Wnt ligands to Frizzled receptors. Next, CK1 and GSK3β phosphorylate the low-density lipoprotein receptor-related protein 5/6 (LRP5/6) co-receptor, activating DVL, which inhibits the destruction complex and prevents the degradation of β-catenin. Stabilized β-catenin accumulates in the cytoplasm and translocates to the nucleus as a transcriptional co-activator with T-cell factor/lymphoid enhancer factor (TCF/LEF) to induce transcription of Wnt target genes. (C) The PI3K/Akt/mTOR signaling pathway. Growth factors bind to a receptor tyrosine kinase (RTK), causing dimerization and autophosphorylation of the receptors. PI3K is recruited to the membrane and catalyzes the production of phosphatidylinositol-3, 4, 5-triphosphate (PIP3) from phosphatidylinositol-4, 5-bisphosphate (PIP2) which is negatively regulated by phosphatase and tensin homolog (PTEN). PIP3 activates Akt, a serine/threonine kinase that regulates numerous cell survival and cell cycle processes, including the inhibition of GSK3β and TSC1/2. The inhibition of TSC1/2 releases Rheb to activate mTOR complex 1 (mTORC1), comprised of mTOR and the regulatory associated protein of mTOR (Raptor). The upregulation of mTORC1 activates several important cellular processes including protein synthesis, proliferation, cell growth, and autophagy. During times of cellular metabolic stress, LKB1, a serine-threonine kinase, activates AMP-activated protein kinase (AMPK) which activates TSC2 and inhibits Raptor to downregulate mTORC1 signaling. This figure was constructed using information from several reviews (Shaw, 2009; Kaidanovich-Beilin and Woodgett, 2011; Porta et al., 2014; Martin-Orozco et al., 2019; Prossomariti et al., 2020).



Familial Adenomatous Polyposis

Germline truncating mutations in the APC tumor suppressor gene are implicated in FAP, a cancer predisposition syndrome, as loss of APC transforms the Wnt/β-catenin pathway into a constitutively active state. APC normally regulates the stability of β-catenin and the loss of APC causes the accumulation of β-catenin, greatly increasing transcription of Wnt target genes and ultimately leading to cancer in many cases (Fodde et al., 2001; Figure 3). Mouse models with different truncating Apc mutations develop varying numbers of polyps in the small intestine, from 3 to 300 (Moser et al., 1990; Fodde et al., 1994; Oshima et al., 1995), while an Apc null mutant engineered with concurrent Cdx2 mutations, a modifier gene that encodes a transcription factor important for intestinal differentiation, instead developed polyps in the colon which is more representative of human FAP (Aoki et al., 2003). These models show that mice with different truncating APC mutations develop tumors, although at different frequencies, and that modifier mutations influence polyp formation.

The first zebrafish apc mutant was created using ENU mutagenesis and contains a truncating mutation in the mutation cluster region (MCR; defined by mutations identified in human FAP tumors) (Hurlstone et al., 2003). Homozygous mutant embryos (apcMCR) exhibit a curved body type, impaired cardiac valve development, and do not survive past 96 hours post-fertilization (hpf). Cardiac valve defects were rescued by overexpression of APC or Dickkopf-1, a Wnt inhibitor. The heterozygous apcMCR mutants developed intestinal adenomas that histologically resembled mammalian polyps with high levels of β-catenin in proliferating cells, as well as liver and intestinal tumors by 15 months following treatment with the carcinogen 7,12-dimethylbenz[a]anthracene (Haramis et al., 2006). LOH of apc was not detected in these lesions, which is normally found in human FAP tumors, but the accumulation of β-catenin was suggestive that APC functions were disrupted. A later study demonstrated that homozygous apcMCR zebrafish embryos had a 34% reduction in intestinal epithelial cells and revealed that β-catenin was upregulated in these cells but was restricted to the cytoplasm (Phelps et al., 2009). Further, they showed that through a β-catenin-independent process, the apcMCR embryos had suppressed intestinal cell differentiation associated with increased expression of ctbp1, a transcriptional co-repressor. Injection of oncogenic KRASG12D mRNA into apcMCR embryos caused the nuclear accumulation of β-catenin, which greatly increased proliferation and resulted in a four-fold increase of the total intestinal cell numbers compared to non-injected apcMCR embryos. This was not observed in KRASG12D injected wild-type embryos, suggesting that additional mutations may be required following the loss of APC to trigger the nuclear accumulation of β-catenin and robust proliferation. These characteristics are often observed in the malignant transformation of FAP adenomas as well as sporadic carcinomas (Phelps et al., 2009).

For years, the consensus was that APC mutations alone were responsible for the initiation of adenomas, but whole-genome sequencing of adenomas from FAP patients has implicated other non-Wnt genes (Delacruz et al., 2019). CCR4-NOT Transcription Complex Subunit 3 (CNOT3), a gene important for regulating mRNA transcription, was identified as the most commonly mutated gene (excluding APC) in 20% of 37 FAP adenomas compared to only 1% in the sporadic/inherited colon cancer subset from the TGCA dataset (Gao J. et al., 2013; Delacruz et al., 2019). Two of the most frequent mutations identified were CNOT3E20K and CNOT3E70K. Knockdown of cnot3a in apcMCR zebrafish embryos decreased intestinal development and differentiation (Delacruz et al., 2019). Additionally, introducing mutated human CNOT3E20K mRNA into apcMCR embryos rescued intestinal differentiation while CNOT3E70K mRNA did not, suggesting that E70K is an inactivating mutation. CNOT3E70K is commonly found in adenoma tissues and a variety of cancers, but the discovery of its inhibitory effect on intestinal differentiation is novel and suggests that CNOT3E70K may contribute to the progression of adenomas to carcinomas (Delacruz et al., 2019).

One main tumor-suppressive function of APC is to promote intestinal differentiation through regulation of the retinoic acid (RA) biosynthesis pathway (Jette et al., 2004; Nadauld et al., 2004). Zebrafish apcMCR embryos demonstrate a lack of colonocyte differentiation which is rescued by treatment with RA (Nadauld et al., 2005). Further, CYP26A1, a gene encoding one of the major RA catabolic enzymes, is upregulated in human FAP adenomas and sporadic colon carcinomas that have truncating APC mutations as well as in the intestine of zebrafish apcMCR embryos (Shelton et al., 2006). Inhibition of cyp26a1 in apcMCR zebrafish restored intestinal differentiation, further demonstrating the role of APC in RA biosynthesis regulation and implicates CYP26A1 as a potential therapeutic target. A follow-up study demonstrated that deficiencies in the RA biosynthesis pathway in apcMCR embryos led to the upregulation of cebpb, a transcription factor gene, which was associated with increased cyclooxygenase-2 (cox-2) expression, also known as ptgs2a (prostaglandin-endoperoxide synthase 2a) (Eisinger et al., 2006). Elevated COX-2 expression is observed in colorectal carcinomas, is associated with the loss of APC, and ultimately drives the activation of Wnt target genes. Additionally, numerous genes important for intestinal cell fate determination are hypomethylated in homozygous apcMCR embryos and this methylation loss was reversed upon treatment with RA (Rai et al., 2010). The hypomethylation of these key genes was associated with impaired differentiation, as intestinal cells were maintained in a progenitor-like state.

Given the role of the Wnt/β-catenin pathway in tumorigenesis, it has been a target for therapy development. Zebrafish embryos were exposed to 6-bromoindirubin-3′-oxime, a GSK3 inhibitor that activates Wnt signaling, and underwent a drug screen where axitinib, a clinically approved VEGF inhibitor, was identified as the strongest inhibitor of the Wnt pathway (Qu et al., 2016). Importantly, treatment of adult zebrafish with axitinib for 6 days revealed no observable defects or morphological changes at the concentration required to inhibit Wnt signaling. This provides preclinical evidence that axitinib could be repurposed as a cancer therapy. Further, cross regulation between the Wnt/β-catenin and the mTOR (previously known as zTOR in zebrafish) pathways has been demonstrated in the apcMCR zebrafish mutants. In vitro studies have revealed that APC activates GSK3β which inhibits mTORC1 activity (Inoki et al., 2006; Valvezan et al., 2012). Consistent with this, mTORC1 activity is strongly upregulated in apcMCR zebrafish mutants (Valvezan et al., 2014) and inhibition of mTORC1 partially rescues embryonic apcMCR defects, with further rescue of curved body types by inhibiting both mTORC1 and Wnt signaling (Valvezan et al., 2014). This suggests that simultaneous targeting of these pathways is a potentially robust therapeutic strategy.



Peutz-Jeghers Syndrome

Peutz-Jeghers syndrome is a cancer predisposition disorder caused by germline inactivating mutations in LKB1 (Hemminki et al., 1998). Affected individuals with PJS develop both benign hamartomas and early-onset cancers, especially in the gastrointestinal tract, and females with PJS have an increased risk of developing breast cancer (Giardiello et al., 1987; Hearle et al., 2006). Somatic LKB1 mutations have been implicated in a spectrum of malignancies, including lung cancer, cervical cancer, breast cancer, malignant melanoma, non-small cell lung carcinomas, and acute myeloid leukemia (AML) (Guldberg et al., 1999; Fenton et al., 2006; Ji et al., 2007; Matsumoto et al., 2007; Wingo et al., 2009; Marinaccio et al., 2020). During periods of cellular metabolic stress, such as low levels of ATP, glucose, or oxygen, LKB1 plays a major role in energy metabolism control to maintain homeostasis (Kullmann and Krahn, 2018). Normally following a metabolic stress event, LKB1 activates AMP-activated protein kinase (AMPK), leading to a signaling cascade that inhibits the mTOR pathway (Figure 3C), thus preventing cell replication and growth in unfavorable conditions (Hardie, 2007; Kullmann and Krahn, 2018).

Zebrafish lkb1–/– mutants exhibit a starvation phenotype that is lethal by 7–8 dpf (Van Der Velden et al., 2011). Following depletion of the yolk which occurs around 5–7 dpf, homozygous mutants develop an accelerated metabolism that results in rapid depletion of their energy reserves. Treatment with rapamycin, an mTOR inhibitor, slowed the metabolic rate and prolonged survival, but did not fully rescue the mutant phenotype. These mutants demonstrate that lkb1 is crucial for metabolic control during energetic stress, like yolk depletion, and represent a potential screening tool for compounds that decrease the accelerated metabolic rate, a common characteristic of cancer cells. The lkb1 null mutants have also demonstrated that loss of lkb1 prevents the activation of autophagy during the metabolic stress that ensues from the switch of nutrient absorption from the yolk to external nutrients (Mans et al., 2017). Autophagy is a cellular mechanism of self-digestion important for maintaining cellular homeostasis both under basal conditions and during metabolic stress, and defects in this process have been implicated in cancer (Rabinowitz and White, 2010). Impaired autophagy in the lkb1 mutants was associated with an accumulation of p62, a multifunctional signaling protein important for mTORC1 activation and autophagy regulation (Duran et al., 2011), as well as decreased survival (Mans et al., 2017).

Additionally, zebrafish lkb1–/– mutant embryos have glucose homeostasis defects, enhanced glycolysis, and increased lactate production (Kuang et al., 2016). This is similar to the metabolic state observed in cancer cells which often rely on aerobic glycolysis and fermentation of pyruvate to lactate to produce ATP instead of oxidative phosphorylation. This is termed the Warburg effect which, although inefficient for generating ATP, preserves carbon to support anabolic processes for increased proliferation (Vander Heiden et al., 2009). As a proof-of-principle, treatment with dichloroacetate, an aerobic glycolysis inhibitor, decreased lactate production in lkb1–/– embryos, showing the potential of these mutants to be used as a drug screening platform to identify compounds that inhibit aerobic glycolysis (Kuang et al., 2016).



Cowden Syndrome

Cowden syndrome is a rare hamartoma tumor syndrome that is characterized by mutations in PTEN and is associated with an increased susceptibility to benign and malignant tumors including breast, skin, and thyroid cancers (Eng, 2003). PTEN is a tumor suppressor gene that is frequently inactivated in many cancers and normally functions as a negative regulator of the PI3K/Akt/mTOR signaling pathway (Sansal and Sellers, 2004; Figure 3C). PTEN has two homologs in zebrafish, ptena and ptenb, and while single homozygous mutants develop normally, double homozygous mutants do not survive past 5 dpf (Faucherre et al., 2008). The ptenb–/– single mutants developed spontaneous eye tumors, identified as neuroepitheliomas, around seven months of age. The presence of just one pten wild-type allele, as either ptena–/–; ptenb+/– or ptena+/–; ptenb–/–, is sufficient for survival to adulthood and the three mutant alleles are associated with spontaneous tumor growth (Faucherre et al., 2008; Choorapoikayil et al., 2012). Double homozygous pten embryos have increased proliferation and decreased apoptosis, and treatment with LY294002, a PI3K inhibitor, rescued all developmental phenotypes (Faucherre et al., 2008). Compared to other single and double mutants, the ptena+/–; ptenb–/– mutants were more susceptible to tumor development as they had a 10% incidence rate with 26/30 tumors found near the eye, while only 1/42 ptena–/–; ptenb+/– mutants developed a tumor (Choorapoikayil et al., 2012). The tumors were diagnosed as hemangiosarcomas, malignant hamartomas made up of vascular tissue, consistent with the increased frequency of hamartomas found in individuals with Cowden syndrome, and were characterized by increased proliferation, upregulated Akt signaling, and haploinsufficiency of either single pten allele (Choorapoikayil et al., 2012; Stumpf et al., 2015). A follow-up study from this group revealed that ptena–/–; ptenb–/– embryos have enhanced angiogenesis which was rescued by treatment with either LY294002 or sunitinib, a receptor tyrosine kinase (RTK) inhibitor used to reduce angiogenesis in cancer patients (Choorapoikayil et al., 2013). However, treatment with sunitinib greatly increased vegfaa expression in both the ptena–/–; ptenb–/– embryos and the hemangiosarcomas that developed in the adult haploinsufficient mutants (Choorapoikayil et al., 2013). VEGFA, the human ortholog of zebrafish vegfaa, encodes a ligand crucial for angiogenesis and thus its elevated expression may explain the relapse that is clinically observed following sunitinib treatment in some cases (Tonini et al., 2010; Kikuchi et al., 2012). Importantly, combination treatment with both LY294002 and sunitinib was successful in reducing neovascularization while maintaining normal levels of vegfaa in the ptena–/–; ptenb–/– embryos and thus has potential as a novel treatment strategy for the prevention of tumor angiogenesis (Choorapoikayil et al., 2013).



Tuberous Sclerosis Complex

Tuberous sclerosis complex is an autosomal dominant disorder associated with an increased susceptibility to renal cell carcinomas, as well as benign hamartomas that appear in multiple organs (Crino et al., 2006). This disorder is characterized by mutations in either the TSC1 or TSC2 CPGs which normally function to inhibit Rheb, a GTPase that activates the mTOR pathway (Figure 3C). As such, upregulation of the mTOR pathway is commonly observed in individuals with TSC (Zhang et al., 2003). Interestingly, TSC mutations are also associated with decreased cell proliferation and increased apoptosis which may counteract the effects of increased mTOR signaling enough to prevent the malignant transformation (Kim et al., 2013). Indeed, individuals with TSC mostly develop benign tumors compared to individuals with Cowden’s syndrome who also experience mTOR upregulation but develop multiple malignancies.

Morpholino knockdown of tsc1a, one zebrafish paralog of TSC1, led to kidney cyst formation, left-right asymmetry defects, increased ciliary length, and upregulation of the mTOR pathway (DiBella et al., 2009). Homozygous tsc2 mutant embryos (tsc2vu242) had greatly increased mTORC1 signaling, consistent with TSC patients, but do not survive past 11 dpf (Kim et al., 2011). Heterozygous mutants had only a moderate increase of mTORC1 signaling and showed no development defects, suggesting there may be a minimum threshold of pathogenic mTORC1 signaling. As both tsc1a and tsc2 homozygous mutations were embryonically lethal and heterozygous mutants did not develop tumors, Kim et al. (2013) introduced the heterozygous tsc2vu242 mutation into a mutant tp53 background to investigate the tumorigenic potential of tsc2 mutations. Compared to the tp53M214K/M214K mutants, the tsc2vu242/+; tp53M214K/M214K compound mutants had an increased rate of multiple malignancies, mTORC1 signaling, and angiogenesis while treatment with rapamycin caused regression of the tumor and tumor-associated blood vessels.



RASopathies Associated With CPG Mutations

RASopathies are a group of diseases caused by germline mutations in genes that regulate the Ras/MAPK pathway. Several RASopathies are associated with CPG mutations, including Noonan, LEOPARD, CBL-mutated, and Costello syndromes as well as neurofibromatosis type 1 (NF1). The Ras/Raf/Mek/Erk (MAPK) pathway is a key signaling cascade that promotes cell growth, division and differentiation (Molina and Adjei, 2006; Figure 4). Ras mutations and aberrant Ras signaling have been extensively studied in the context of malignancy as mutated Ras is found in about 20% of cancers (Prior et al., 2012). Patients with inherited or de novo congenital RASopathies are prone to variety of malignancies during childhood as well as later in life through second hit events that eliminate their remaining wild-type allele. Affected individuals also suffer from a variety of developmental phenotypes affecting multiple organs and tissue types which often leads to the initial RASopathy diagnosis.
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FIGURE 4. Overview of the RAS Signaling Pathway. The Ras signaling cascade is stimulated by the binding of a growth factor/cytokine to the appropriate RTK. C-CBL (Casitas B-lineage lymphoma) is an E3 ubiquitin ligase responsible for the ubiquitination of RTKs leading to their internalization and degradation. The activated receptor binds the adaptor proteins GRB2 (growth factor receptor bound protein 2) and SHP2/PTPN11 (protein tyrosine phosphatase non-receptor type 11) and recruits SOS1 (son of sevenless homolog 1). SOS1 facilitates the conversion of RAS from its inactive to active confirmation through the binding of GTP. RAS-GTP activates RAF, PI3K, and adenylate cyclase to cause a signaling cascade. RAF activates MEK which in turn activates ERK. Adenylate cyclase facilitates the production of cAMP which ultimately activates PKA. Activated ERK and PKA are protein kinases that translocate to the nucleus where they phosphorylate and activate transcription factors (TF) which drive the transcription of target genes involved in proliferation, cell growth, and differentiation. PI3K activates AKT which can activate mTOR and inhibit p53, leading to the inhibition of apoptosis. This figure was generated using information from several research articles and reviews (Ries et al., 2000; Kratz et al., 2006; Malaquias and Jorge, 2014; Wang et al., 2018).



Noonan/LEOPARD Syndrome

Noonan syndrome (NS) and LEOPARD syndrome (LS) are RASopathies that are typically grouped together as they are genotypically and phenotypically similar (Tartaglia et al., 2011; Martínez-Quintana and Rodríguez-González, 2013) and both syndromes predispose to malignancies such as AML (Jongmans et al., 2011). NS is characterized by growth retardation, skeletal deformities, facial dysmorphia and congenital heart defects, among other abnormalities (Tartaglia et al., 2001) and shares many overlapping features with LS which is defined by multiple lentigines, electrocardiographic abnormalities, ocular hypertelorism, pulmonary stenosis, abnormal genitalia, retardation of growth, and sensorineural deafness (Tartaglia et al., 2011).

Noonan syndrome and LS are heterogenous autosomal dominant diseases caused by mutations in several genes, including the CPG, PTPN11. PTPN11 encodes the ubiquitously expressed Src homology region 2 domain containing phosphatase-2 (SHP2), a protein tyrosine phosphatase involved in relaying growth signals and activating RAS and the MAPK/ERK pathway (Neel et al., 2003; Figure 4). PTPN11 is essential for many developmental pathways and is frequently deregulated in several types of cancer (Jongmans et al., 2011). Although phenotypically similar, PTPN11 mutations in LS and NS have biologically distinct functions. GOF PTPN11 mutations are found in roughly half of NS patients typically as missense mutations that activate PTPN11, while PTPN11 mutations found in LS mainly affect catalytic residues in the PTP domain that suppress phosphatase activity (Tartaglia et al., 2011). Studies of NS and LS in zebrafish have focused on examining the underlying disease mechanisms of ptpn11 deregulation and exploring the ways in which overlapping syndromic features can be caused by opposing effects on ptpn11 catalytic activity. One such explanation implicates the shared activation of RAS/MAPK signaling in overlapping symptoms whereas distinct NS and LS features are the result of differences in PI3K/Akt pathway expression which is uniquely upregulated in LS patients and mouse models (Kontaridis et al., 2006; Serra-Nedelec et al., 2012).

The first of these studies overexpressed either NS or LS mutant mRNA, which most notably resulted in shorter zebrafish larvae that were affected by heart abnormalities and a ‘hammer-head’ like phenotype reminiscent of both patients and mouse models (Jopling et al., 2007). Furthermore, the simultaneous overexpression of NS and LS mutant mRNA did not increase the severity of the phenotypes; a finding consistent with the established opposing effects of the two mutations. Similar phenotypes have been observed in subsequent studies using morpholinos to knockdown endogenous expression of zebrafish PTPN11 orthologues, ptpn11a and ptpn11b, injecting NS or LS mutant mRNA, and in ptpn11a–/– and ptpn11a–/–; ptpn11b–/– mutant fish (Stewart et al., 2010; Bonetti et al., 2014a, b). In contrast to homozygous knockout mice that die pre-implantation, zebrafish ptpn11a–/– and ptpn11a–/–; ptpn11b–/– mutants live to 5dpf, while ptpn11b–/– mutants survive to adulthood and are fertile (Yang et al., 2006; Bonetti et al., 2014b). Together, mortality and expression data, which demonstrated lack of significant ptpn11b expression during early embryogenesis, implicate ptpn11a as the more influential ortholog (Bonetti et al., 2014b). Decreased expression of erk was observed in morphant and double homozygous knockout models while PI3K signaling remained unaffected (Stewart et al., 2010; Bonetti et al., 2014b). Congruent with previous observations, phospho-Akt levels increased only in embryos injected with LS mutant mRNA (Bonetti et al., 2014a). Additionally, NS/LS zebrafish models have been used to investigate the role of PTPN11 mutations in both congenital sensorineural hearing loss and heart defects which are found in individuals with NS and LS (Sarkozy et al., 2008; Bonetti et al., 2014a; Gao et al., 2020).



c-CBL Mutation Associated Syndrome

Clinical features of patients with germline c-CBL (Casitas B-lineage Lymphoma) mutations partially overlap those of NS, including developmental delays, growth defects, facial dysmorphia, and a predisposition to hematological malignancies, specifically juvenile myelomonocytic leukemia (JMML) (Niemeyer et al., 2010; Perez et al., 2010). CBL is an E3 ubiquitin ligase that targets both active β-catenin and FLT3 (fms related receptor tyrosine kinase 3): two factors important for tumor-induced angiogenesis which have also been implicated in AML (Lyle et al., 2019).

The c-cblH382Y zebrafish ENU-induced line (Peng et al., 2015) harbors a missense mutation within a highly conserved domain critical for transfer of ubiquitin to target molecules (Thien and Langdon, 2001; Deshaies and Joazeiro, 2009). c-cblH382Y zebrafish displayed a myeloproliferative phenotype with increased numbers of hematopoietic stem cells (HSCs), erythrocytes and neutrophils at 5 dpf and a median survival time of only 15 dpf (Peng et al., 2015). phospho-S10 histone H3 (pH3) antibody/staining revealed that these HSCs were highly proliferative and remained more abundant in older fish, despite no obvious impairments in HSC differentiation. In contrast to the c-cblH382Y line, zebrafish injected with human phospho-tyrosine-inactive mutation c-CBLY731F mRNA, an amino acid residue that when phosphorylated suppresses Wnt signalling, had enhanced angiogenesis and increased expression vegfa while those injected with the phosphomimetic mutation c-CBLY731E mRNA displayed impaired angiogenesis and decreased expression vegfa (Shivanna et al., 2015). Thus, the different phenotypes were likely observed as the different missense mutations affect the binding of c-cbl to different proteins.



Costello Syndrome

Costello syndrome (CS), another NS-like syndrome, is caused by inherited activating mutations in HRAS, typically in the form of missense mutations (Aoki et al., 2005). CS has phenotypic features similar to NS, as well as the distinctive and common formation of benign cutaneous papillomata within the perinasal and perianal regions (Aoki et al., 2005). Santoriello and colleagues developed a zebrafish model of CS that ubiquitously expresses the constituently active HRASG12V gene (Santoriello et al., 2009). HRASG12V transgenic fish were shorter, had a smaller heart with thicker walls, a flattened head and suffered from scoliosis; features indicative of Costello syndrome. Tumors frequently formed in fish between 5–12 months and included melanoma, gastrointestinal carcinoma, hepatocarcinoma and rhabdomyosarcoma. Congruent with mouse models (Schuhmacher et al., 2008), ERK1/2 and Akt phosphorylation were not upregulated in HRASG12V transgenic zebrafish and remain unlikely drivers of CS pathology; rather, the ability of HRAS to induce hyperproliferation, DNA damage, and cellular senescence through the DNA damage response (DDR) is a well-documented cause (Di Micco et al., 2006). Indeed, HRASG12V transgenic zebrafish demonstrated oncogene-induced senescence in regions of the heart and brain as well as increased expression of DDR markers within various tissues (Santoriello et al., 2009).



Neurofibromatosis Type 1

Neurofibromatosis type 1 is an autosomal dominant disorder caused by mutations to the RAS GTPase activating domain of the NF1 gene. This mutation renders NF1 unable to hydrolyze RAS-bound GTP to GDP, ultimately activating the RAS signaling pathway (Cichowski and Jacks, 2001; Figure 4). Affected individuals develop cardiovascular abnormalities, nervous system defects including cognitive defects, and an increased incidence of malignancies, including JMML, gliomas, and MPNSTs. Homozygous deletion of murine Nf1 results in embryonic lethality mid-gestation while heterozygous mice remain viable and fertile, but this mutant does not fully recapitulate the human phenotype (Brannan et al., 1994; Silva et al., 1997). More complex mouse models that use Cre/lox technology to express mutant NF1 within specific cell populations better reproduce specific features of NF1 but lack the ability to study the disease as a whole (Zhu, 2002; Gitler et al., 2003).

Zebrafish have been successfully used to widen the scope of in vivo NF1 research using ZFN-mediated knockout of NF1 paralogues, nf1a and nf1b, and allogenic transplantation techniques. Double homozygous nf1 mutant zebrafish display macrocephaly as well as an increase in oligodendrocyte precursor cell (OPC) numbers and migration within the spinal cord (Shin et al., 2012). Further, defects in myelin structure formation and axon wrapping lead to decreased myelination in double homozygous nf1 mutant fish, despite no change in myb (myelin basic protein) expression within the central nervous system. Several studies have postulated NF1 as a positive regulator of adenylate cyclase (Guo et al., 2000; Tong et al., 2002; Dasgupta et al., 2003) and linked cAMP signaling to the expression of myelin components. NF1 mutations associated with cognitive dysfunction have been linked to regions outside of the GTPase-activating protein-related domain (GRD) (Fahsold et al., 2000), suggesting that some features of NF1 may be caused by aberrant cAMP signaling rather than activated Ras. The memory formation of nf1 mutant larvae was tested by evaluating the O-bend response to light/dark stimulus (Wolman et al., 2014). Trained nf1 mutant larvae had a delayed O-bend response which was improved upon treatment with chemical stimulants for the cAMP pathway, but not MAPK or PI3K inhibitors. Similarly, when testing memory recall, nf1 mutants again showed deficits, however these fish showed improvements over the course of the experiment, suggesting that cognitive defects are reversible and that patients may benefit from specialized learning environments and cAMP pathway effectors. Additionally, when crossed into a p53 null background, nf1 mutants develop high-grade gliomas and MPNSTs, similar to what is commonly observed in NF1 patients (Shin et al., 2012).

Neurofibromatosis type 1 modulates neuronal differentiation (Hegedus et al., 2007), and NF1 patients frequently develop benign neurofibromas that can undergo malignant transformation to MPNSTs, commonly through the loss of CDKN2A and p53 as well as amplification of PDGFRA (platelet-derived growth factor receptor A) (Mantripragada et al., 2008; Zietsch et al., 2010; Lee et al., 2014). The over-expression of PDGFRA has been linked to the malignant transformation of MPNSTs (Holtkamp et al., 2004). When modeled in transgenic zebrafish, overexpressing PDGFRA in a nf1a+/–; nf1b–/–; tp53M214K/M214K background accelerated the onset of MPNSTs (Ki et al., 2017). Interestingly, over-expression of wild-type PDGFRA, was better at accelerating tumor development than the constitutively active PDGFRA which activated Ras signaling to levels higher than optimal for tumor growth. MPNST tumors from wild-type PDGFRA transgenic fish were harvested and transplanted into nf1a+/–; nf1b–/–; tp53M214K/M214K larvae, establishing an allogenic transplant model that can rapidly test effectiveness of therapies. Indeed, sunitinib treatment effectively arrested progression of the transplanted MPNSTs in these mutants, and treatment with both sunitinib and trametinib, a MEK inhibitor, enhanced this therapeutic effect. Additionally, both DNA topoisomerase I (Topo I) targeting drugs and mTOR kinase inhibitors were identified as the most effective single agent therapies that avoided excessive toxicity (Ki et al., 2019). Treating with Topo I inhibitor Irinotecan and mTOR inhibitor AZD2014, acted synergistically to induce apoptosis and block protein synthesis resulting in tumor cell death.



Hematopoietic Disorders Associated With CPG Mutations

Several familial hematologic syndromes are associated with mutations in CPGs. Inherited bone marrow failure syndromes (IBMFS), including dyskeratosis congenita (DC), Schwachman-Diamond syndrome (SDS) and Fanconi anemia (FA) (discussed in a later section) are rare heterogeneous disorders caused by genetic defects that impair normal hematopoiesis, leading to anemia, cytopenia, and a variety of solid tissues/organ abnormalities. Additionally, these disorders predispose patients to develop malignancies. Zebrafish have long been used to study blood development and model hematologic diseases due to their high level of genetic conservation, especially within gene pathways critical to hematopoiesis (Jing and Zon, 2011). Similar to humans, zebrafish blood development occurs in two waves and within analogous structures recapitulating all blood cell types (Figure 5) (Davidson and Zon, 2004).
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FIGURE 5. Overview of zebrafish hematopoiesis. Zebrafish hematopoiesis occurs in two waves, primitive and definitive, the latter of which recapitulates all the same blood cell types as humans. During the primitive wave, hemangioblasts give rise to a portion of primitive erythrocytes and granulocytes. The main source of primitive granulocyte production occurs within the anterior lateral mesoderm (ALM) (orange), while primitive erythrocyte productions occurs in the intermediate cell mass (ICM) (purple). Once circulation begins at approximately 24 hpf, primitive blood production transitions to the posterior blood island (PBI) (blue). Between 24 and 36 hpf a transient wave occurs in which transient bipotential erythromyeloid progenitor cells (EMPs). By 36 hpf, the first hematopoietic stem cells (HSCs) arise from the ventral wall of the dorsal aorta (navy), a site analogous to the aorta-gonad-mesonephros (AGM) in mammals. Once HSCs arise, they migrate to the caudal hematopoietic tissue (CHT) (previously the PBI), a structure analogous to the mammalian fetal liver. It is in the CHT that definitive erythroid and myeloid cells are produced and replace their primitive counterparts. By 4dpf HSCs migrate to and seed the kidney marrow (dark red), the equivalent of bone marrow in mammals. The first T-cells originate at approximately 7 dpf and mature in the thymus (purple/pink), while B-cells are not present until 21 dpf. This figure was constructed using information from published reviews (Vogeli et al., 2006; Rasighaemi et al., 2015; Gore et al., 2018). (MPP, Multipotent Progenitor; CLP, Common Lymphoid Progenitor; CMP, Common Myeloid Progenitor; MEP, Megakaryocyte-Erythroid Progenitor; GMP, Granulocyte-Monocyte Progenitor).



Dyskeratosis Congenita

Dyskeratosis congenita is a heterogenous disease caused by mutations in multiple genes involved with telomere maintenance including telomerase reverse transcriptase (TERT) and members of the H/ACA ribonucleoprotein (RNP) complex. H/ACA RNPs, NOP10 and DKC1 (dyskerin pseudouridine synthase 1) are involved in ribosome biogenesis, splicing and processing of various RNAs, and are also part of the telomerase complex together with TERT and the telomerase RNA component (Kiss et al., 2010). Telomerase is important for counteracting the progressive shortening of replicated DNA, especially in highly proliferative cell types and stem cells, and prevents activation of DDR pathways that could result in cellular senescence or apoptosis. Affected individuals develop nail dystrophy, mucosal leukoplakia, skin hyperpigmentation, increased risk of both hematological and solid cancers as well as bone marrow failure (BMF) (Cole et al., 1930; Alter et al., 2009). DC mortality is predominantly due to BMF, although the cumulative incidence of cancer is high with roughly 40% of patients developing a malignancy by the age of 50 (Alter et al., 2009). Mouse models of DC are limited because mouse telomeres are roughly 5–10 times longer than their human counterparts (10–15 kb) (Kipling and Cooke, 1990) while zebrafish telomeres are more similar to humans at 15–20 kb (Carneiro et al., 2016).

Zebrafish represent an advantageous platform for modeling DC and telomere deficiencies, and tert mutant zebrafish have reduced telomere length, premature aging, decreased fertility, and shorter lifespans (Anchelin et al., 2013). Dramatic telomere shortening triggered p53 activation, whereas p53 knockdown rescued apoptosis in larvae although telomere length remained short. Adult tert mutants had increased levels of apoptosis within the kidney marrow (the equivalent of human bone marrow), which also showed signs of depletion upon histopathological analysis (Henriques et al., 2013). Notably, reintroducing tert into second-generation mutants which typically died by 7dpf prevented both mortality and further telomere shortening (Anchelin et al., 2013). This suggests that drugs that activate wild-type TERT expression could be a potential therapy for DC.

The most severe form of DC, Hoyeraal-Hreidarsson syndrome, is caused by mutations to the catalytic domain of dyskerin (DKC1), suggesting that telomere-independent mechanisms contribute to DC (Knight et al., 1999; Zhang et al., 2012). Morpholino-mediated knockdown of zebrafish dkc1 significantly reduced the development of all blood cell lineages during definitive hematopoiesis (Zhang et al., 2012). Similar to the knockdown of tert, dkc1 morphants had a significant increase in the expression of p53 and pro-apoptotic genes such as bax1. Hematopoietic defects could be reversed by inhibiting p53 expression in dkc1 morphants, again suggesting that DC-associated cytopenia is partially p53 dependent. Interestingly, investigators observed significant defects in 18S rRNA production prior to the onset of abnormal blood development in dkc1I morphants and nop10 mutant fish (Pereboom et al., 2011; Zhang et al., 2012). Extensive p53-mediated apoptosis in nop10 mutants was linked to increased binding of Mdm2 to Rps7 resulting in degradation of Mdm2 protein which is normally responsible for p53 degradation. Furthermore, nop10 mutants failed to form HSCs despite no evidence of telomere shortening, and cytopenia was rescued through the inactivation of p53, providing additional evidence that p53-mediated apoptosis of HSCs is driven by ribosomal biogenesis defects and not solely by telomere shortening (Pereboom et al., 2011).



Shwachman-Diamond Syndrome

Schwachman-Diamond syndrome is an autosomal recessive disorder caused by mutations in SBDS that either interrupt transcript splice sites or result in a truncated protein (Boocock et al., 2003). Affected individuals develop exocrine pancreatic insufficiency, impaired hematopoiesis, skeletal abnormalities, gastrointestinal dysfunction and an increased risk of leukemia with ∼36% of patients developing myelodysplastic syndrome (MDS) (a syndrome which represents a pre-leukemia state) or AML by age 30 (Burroughs et al., 2009; McReynolds and Savage, 2017). SBDS is involved in ribosome biogenesis and function with a role in 40S and 60S ribosomal subunit maturation and assembly (Stepensky et al., 2017; Warren, 2018; Tan et al., 2019). Zebrafish sbds shares 86% amino acid identity with humans and retains the same intron/exon boundaries, making it an advantageous model for SDS modelling (Oyarbide et al., 2019). Morpholino-mediated knockdown of sbds significantly decreases neutrophil proliferation and migration as well as results in pancreatic hypoplasia and abnormal morphology (Venkatasubramani and Mayer, 2008; Provost et al., 2012). Additionally, sbds morphant embryos displayed broad changes in ribosomal gene expression. Simultaneous knockdown of p53 did not restore normal neutrophil numbers or normal pancreatic morphology, suggesting SDS pathology is not p53 dependent. Two CRISPR/Cas9 generated sbds mutant zebrafish, sbdsnu167 producing a truncated protein and sbdsnu132 with a 7 amino acid in-frame deletion, had reduced length and weight and died by 21 dpf, which was not rescued by crossing sbds mutants into a tp53 mutant (p53M214K/M214K) background (Oyarbide et al., 2020). Similar to the morphant studies, sbdsnu132 displayed neutropenia, while the number of macrophages and hemoglobin production remained normal. In addition, kidney marrow morphology remained normal at 21 dpf. In contrast to morphant studies, neither pancreatic hypoplasia nor changes to ptf1a expression were observed in sbds mutant larvae up to 15 dpf but rather pancreatic atrophy began in 15–21 dpf mutant fish after seemingly normal development. Therefore, zebrafish sbds models recapitulate several patient phenotypes including neutropenia and pancreatic defects, although the mechanisms that lead to pancreatic atrophy have not yet been explained.



Wiskott-Aldrich Syndrome and X-Linked Congenital Neutropenia

Wiskott-Aldrich syndrome (WAS) and X-linked congenital neutropenia (XLN) are severe immunodeficiency diseases caused by both LOF and GOF mutations in the Wiskott-Aldrich syndrome protein (WASp), respectively. WASp is an important regulator of the actin cytoskeleton in hematopoietic cells and is therefore a key player in leukocyte motility, phagocytosis, and a productive immune response (Tsuboi and Meerloo, 2007; Thrasher and Burns, 2010). Individuals with WAS or XLN develop frequent and recurrent infections while WAS patients also suffer from autoimmunity, bleeding disorders, and various types of leukemia and lymphoma at an incidence of roughly 13–22%, typically before 18 years of age (Sullivan et al., 1994; Imai et al., 2004; Keszei et al., 2018). One explanation for such predisposition is a failure to identify and eradicate malignant cells prior to tumor formation due to compromised immune function. Zebrafish offer a unique advantage over mouse models as the optical clarity of zebrafish larvae allows for the live imaging and analysis of immune cell response and migration.

Both zebrafish homologs of WASp, wasp1 (waspb) and wasp2 (waspa), are well conserved with 52% and 41% amino acid similarity to humans, respectively, and are hematopoietically restricted (Cvejic et al., 2008). Live imaging of lyz:eGFP transgenic zebrafish (fluorescently labelled neutrophils and macrophages) with knockdown of wasp1 revealed a reduction in neutrophils and macrophage migration to wounds in morphant larvae, while the number of immune cells remained normal. Furthermore, wasp morphants had decreased survival when inoculated with pneumococci (Rounioja et al., 2012), resembling life-threatening pneumococcal infections seen in individuals with WAS (Sullivan et al., 1994). Homozygous wasp1 mutant zebrafish recapitulated the ineffective immune responses to both inflammatory wounds and bacterial challenges seen in morphant studies and further revealed that that the ineffective formation, maintenance and retraction of neutrophil pseudopods and uropods contributed to the defective immune response (Jones et al., 2013). Expression of wasp was replaced in the wasp1 null background using a variety of patient-specific WASp transgenes and the expression of wild-type human WASp rescued neutrophil migration and wound recruitment and restored phagocytosis when challenged with S. aureus. In comparison, phospho-dead WASpY291F provided minimal improvement to neutrophil migration and did not improve microbe uptake by macrophages. Moreover, expression of constitutively active WASpI294T, observed in patients with XLN, resulted in an overall reduction of neutrophils but upon wound-response, WASpI294T expressing neutrophils had significantly increased cell velocity (Jones et al., 2013).



GATA2 Deficiency Syndromes

GATA2 is a transcription factor critical to both primitive and definitive blood development and lymphatic vessel formation. GATA2 haploinsufficiency, from inherited or spontaneous heterozygous mutations, produces a range of hematopoietic disorders in humans including monocytopenia, mycobacterium avium complex (MonoMAC) syndrome; dendritic cell, monocyte, B and NK lymphoid (DCML) deficiency; congenital neutropenia; and familial MDS/AML (Bigley and Collin, 2011; Dickinson et al., 2011; Hahn et al., 2011; Hsu et al., 2011). Affected individuals often present with infection, cytopenias, aplastic anemia and hypocellular bone marrow, of whom 75% will develop MDS/AML with a median age of onset of 20 years (Wlodarski et al., 2016, 2017). Control of Gata2 expression has been linked to a conserved +9.5 kb enhancer region (Hsu et al., 2013), where deletions are found in ∼10% of patients with MonoMAC syndrome (Wlodarski et al., 2016). Zebrafish have two highly conserved homologs of GATA2, gata2a and gata2b, with 57% and 67% conserved amino acid identity (Jin et al., 2004; Lutskiy et al., 2005; Gillis et al., 2009; Butko et al., 2015). Comprehensive expression and lineage tracing analysis indicates gata2a and gata2b zebrafish have distinct patterns of expression; gata2a is expressed throughout the endothelium and is more broadly required for vascular morphogenesis while gata2b is only present within the hemogenic endothelium of the dorsal aorta and has a more specialized role to activate runx1 expression required for HSC formation (Butko et al., 2015). Thus, this study suggests segregated endothelial and hematopoietic functions of the two zebrafish gata2 paralogs.

Using CRISPR/Cas9, Dobrzycki and colleagues introduced a deletion to the conserved +9.5 enhancer within intron 4 of zebrafish gata2a (gata2aΔi4/Δi4) (Dobrzycki et al., 2020). Unlike mouse Gata2Δ+9.5 models (Gao X. et al., 2013), gata2aΔi4/Δi4 fish survive past embryogenesis, and had decreased expression of HSC markers, runx1 and cmyb, during primitive hematopoiesis. Despite the recovery of runx1 and cmyb expression to wild-type levels by 48hpf, adult gata2aΔi4/Δi4 fish had half the number of blood cells within their kidney marrow and a surplus of immature blasts was found in 10% mutants. Additionally, these fish had a high incidence of cardiac edema and infection within less than 6 months of age, suggestive of the immune deficiency and lymphatic defects seen in MonoMAC syndrome (Dobrzycki et al., 2020).

Preliminary results from two gata2b mutant zebrafish models highlight how zebrafish can elucidate the link between GATA2 deficiencies and MDS/AML predisposition as gata2b+/– mutants have reduced myeloid differentiation and dysplastic myeloid cells in older animals (Avagyan et al., 2017; Gioacchino et al., 2019). Cre/Lox fluorescent lineage tracing technology is being used to assess the expansion of single-color clones within the kidney marrow of 3dpf gata2b+/– larvae with/without concurrent mutations (Avagyan et al., 2017). Juvenile gata2b+/– zebrafish had a decreased myeloid compartment in the kidney marrow of which 30% also had an expansion of single-color clones by 3 months post-fertilization, an event not observed in wild-type fish. This myelocytopenic phenotype is more profound in gata2b+/– fish when challenged with similar concurrent mutations, as compared to wild-type, and is indicative of a predisposition to MDS/AML.



Familial AML Associated With CEBPA Mutations

CEBPA, a transcription factor important for normal myelopoiesis and granulocyte differentiation, is mutated in ∼10% of individuals with AML (Pabst et al., 2001; Gombart et al., 2002). Of these, about half have biallelic mutations consisting of mutations in both hotspot N- and C- terminal regions that are typically acquired somatically. Mutations in the N-terminal region frequently produce frameshifts that lead to premature stop codons and translation of a dominant negative proteins, while C-terminal mutations are usually in-frame indels (Pabst et al., 2001; Nerlov, 2004). Germline mutations typically occur at the N-terminal hotspot and these individuals acquire a second C-terminal mutation somatically (Fuchs et al., 2008; Tawana et al., 2015). Although a rare occurrence, individuals with germline CEBPA mutations develop AML much earlier than sporadic AML at a median age of 25 versus 67 years (McReynolds and Savage, 2017).

Zebrafish studies reveal a conserved role for cebpa and its involvement in primitive erythropoiesis and HSC formation (Liu et al., 2007; Yuan et al., 2011, 2015). Myeloid defects, including a lack of embryonic neutrophils and macrophages were observed in three different cebpa mutant lines (molihkz7, cebpasum2, cebpasum3) (Dai et al., 2016). Myeloid defects in cebpa deficient molihkz7 mutants could be explained, in part, by the aberrant cell cycle arrest of myeloid progenitors once the definitive wave of hematopoiesis began, suggesting that cebpa is more important for myeloid progenitor migration and maintenance than initiation. To more accurately model CEBPA-associated MDS/AML, two new cebpa mutant zebrafish lines were engineered with either N- or C- terminal mutations (Hockings et al., 2018). Preliminary evidence demonstrates striking defects in mature myelocytes and monocytes in all double mutant larvae, while leukemic transformation was only observed in mutants between 4-6 weeks of age that carried at least one N-terminal mutation.



Familial Platelet Disorder With Predisposition to AML

Patients with familial platelet disorder with predisposition to AML (FPD/AML) suffer from thrombocytopenia, platelet dysfunction, increased risk of bleeding and of developing hematological malignancies, as 35–40% will develop MDS/AML by 33 years of age (Sood et al., 2017). FPD/AML is associated with germline mutations in RUNX1, a master transcription factor regulator of hematopoiesis and blood vessel development, most commonly small indels or point mutations that can lead to haploinsufficiency or dominant negative effects (Latger-Cannard et al., 2016). Monoallelic RUNX1 mutations alone are insufficient to initiation leukemogenesis, rather secondary somatic mutations are required within RUNX1 or other AML-associated genes (Song et al., 1999; Preudhomme et al., 2009; Ripperger et al., 2009; Schmit et al., 2015; Antony-Debré et al., 2016). Neither heterozygous RUNX1 murine or zebrafish models develop FPD phenotypes, however a germline homozygous Runx1 deletion is embryonically lethal in mice (Okuda et al., 1996) while zebrafish runx1W84X/W84X mutants are viable to adulthood (Jin et al., 2012). Like human patients, homozygous runx1W84X larvae have a severe reduction in both immature and mature neutrophils as well as in mature thrombocytes (Sood et al., 2010; Jin et al., 2012), mimicking findings in conditional knockout mice (Ichikawa et al., 2004; Growney et al., 2005). Furthermore, adult runx1W84X/W84X fish display reduced number of B-cells (Chi et al., 2018), a phenotype reminiscent of common variable immunodeficiency disorder (Li et al., 2015). Critically, neither myelocyte dysplasia nor an MDS-like phenotype have been reported in runx1W84X/W84X fish and it is likely that additional models involving second-hit mutations are needed to more accurately model FPD/AML in zebrafish (Chi et al., 2018).



Congenital Amegakaryocytic Thrombocytopenia

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare IBMFS that often presents in infancy with mutations in the gene MPL which encodes the receptor for thrombopoietin. Affected individuals develop severe thrombocytopenia, aplastic anemia, hemorrhage and a predisposition to leukemia (Germeshausen et al., 2006; Al-Qahtani, 2010). To date, only one CAMT zebrafish model exists as mplsmu3, a LOF mutant that experiences severe thrombocytopenia during embryonic development (Lin et al., 2017). Although the development of HSC and progenitor populations are unaffected, there was a significant reduction in thrombocyte precursor proliferation and thrombocyte markers remained significantly low in adult fish. Similar to the high risk of prolonged bleeding observed in CAMT, mplsmu3 larvae displayed reduced hemostasis and abnormal bleeding. To further adapt their model as a platform for high-throughput drug screening, Lin et al. generated the thrombocyte-specific fluorescent transgenic reporter line Tg(mpl:eGFP)smu4; mplsmu3, and as proof-of-principle, showed that treatment with recombinant human IL-11, a cytokine important for megakaryopoiesis (Peeters et al., 2008), modestly increased thrombocyte populations in mplsmu3 larvae.



CPG Mutations Involved in DNA Repair and Genome Stability Maintenance

Genes linked to DNA repair and genome stability comprise the single most numerous group of CPGs and represent 50 out of 152 genes currently identified, further emphasizing the fundamental importance of genome stability maintenance in cancer development (Table 1). We undertook an analysis of the interactions within this group of 50 genes using the STRING database (Szklarczyk et al., 2015). The inclusion of all known associations results in a highly dense interaction network with only the DICER1-DROSHA-DIS3L2 group, VHL, and BAP1 exhibiting minimal links (Figure 6A) while focusing on well-established physical interactions results in a sparser network highlighting the best-known interactions (Figure 6B). Further, these 50 proteins are part of many dynamic protein complexes with several hundred members, but their discussion is beyond the scope of this review. Instead, we will focus on the contributions that zebrafish model research has made towards understanding the fundamental biology and cancer models associated with these CPGs.


[image: image]

FIGURE 6. Predicted and known interactions among the cancer predisposition genes involved in DNA repair and genome stability maintenance. (A) All known interactions produce a very dense network. (B) A physical network with only experimentally verified results and curated database interactions were included. Both panels of the figure were produced using STRING database online tool (https://string-db.org/).



Ataxia-Telangiectasia (A-T) Genes (ATM, ATR and CHEK2)

ATM (A-T mutated) and ATR (A-T and Rad3 mutated) are key regulators of the initiation of the DDR (Awasthi et al., 2016). ATM mutations are responsible for Ataxia-Telangectasia (A-T) which is characterized by progressive ataxia, dilatation of small vessels (telangiectasia), immune defects, genome instability and malignancy while ATR mutations are implicated in Seckel syndrome which is associated with dwarfism, microcephaly, growth defects and intellectual disabilities (Weber and Ryan, 2015). ATM is activated by DNA DSBs while ATR is activated primarily by single-stranded DNA filaments resulting from replication stress (Figure 7A). Both ATM and ATR belong to the PI3K-related kinase (PIKK) family and upon activation they phosphorylate many target proteins including p53, Chk2 and Chk1 kinases, which mediate many of the downstream effects of ATM and ATR (Awasthi et al., 2016; Figure 7). CHEK2 is also an established CPG confirming the importance of this pathway in cancer.


[image: image]

FIGURE 7. Molecular complexes formed and DNA repair pathways mediated by CPG proteins. (A) Mechanisms of ATR and ATM activation by different types of DNA damage. Stalled replication forks resulting from a blockage of replisome progression (indicated by the “STOP” diagram). The single-stranded DNA (ssDNA) region is recognized by Replication Protein A (RPA) forming the filaments which can then recruit ATR-ATRIP (ATR Interacting Protein) complexes. The RAD17-RFC complex (not shown) loads the 9-1-1 complex (RAD9-RAD1-HUS1) onto the ssDNA-dsDNA junction. RAD9 S387 phosphorylation provides a binding site for DNA topoisomerase 2-binding protein 1 (TopBP1), which in turn binds and activates ATR kinase. ATR phosphorylates and activates Chk1 kinase mediating many of its functional effects and directly phosphorylates many other target proteins. DNA double-strand breaks results in a complex signaling cascade resulting in binding of the MRN complex (MRE11-RAD50-NBN) to the DNA ends. MRN provides a DNA damage sensor platform for recruitment and activation of ATM, which then phosphorylates multiple targets including Chk2 responsible for cell cycle checkpoint activation and p53 activation. Chk2 and Chk1 can also functionally interact (hashed lines with arrows). p53 activation leads to apoptosis, cell cycle arrest and gene expression changes. (B) FA – BRCA2 pathway. A major role of this pathway is to respond to inter-strand crosslinks (ICL), which can be especially problematic during DNA replication since ICLs prevent replication fork convergence. At such blocked replication forks, TRAIP ubiquitin ligase ubiquitinates the CMG (CDC45-MCM-GINS) Helicase leading to its unloading. The ICL itself is recognized by FANCM / FAAP24 complex. FANCM then recruits the core FA complex components and FAAPs (FA associated proteins). E2 ubiquitin-conjugating enzyme FANCT and E3 ubiquitin ligase FANCL then cooperate to perform mono-ubiquitination of FANCD2 and FANCI forming the ID2 complex. Monoubiquitinated ID2 complex gets recruited the ICL lesion. In the process of unhooking, DNA near the ICL gets processed by nucleases to enable specific DNA repair pathways. The strand with the ICL structure gets repaired by Nucleotide Excision Repair (NER) and the translesion synthesis by REV1/Polζ, which gets recruited by the FA core complex. ID2 recruits FANCP (SLX4), FANCQ (ERCC1) and the nuclease FAN1 to mediate the ICL incision. The ID2 also interacts with BRCA2 (FANCD1), which gets recruited to the parts of blocked replication forks that will have to go through DNA recombination. BRCA2 in complex with BRCA1, BARD1, FANCN, FANCJ, RAD51 and RAD51C as well as other factors leads to loading of RAD51 into resected ssDNA regions, which can then participate in homologous recombination (HR). The figure was constructed based on the information in several recent reviews (Awasthi et al., 2016; Fradet-Turcotte et al., 2016; Bonilla et al., 2020; Liu et al., 2020).


Zebrafish ATM is highly conserved in specific domains, exhibits a broad pattern of expression at early stages and morpholino knockdown results in increased sensitivity to γ-irradiation (Imamura and Kishi, 2005). Further, in prim1 (DNA primase subunit 1) zebrafish mutants, knockdown of atm or atr is too toxic for retinal development, but retinal apoptosis due to DNA damage from faulty DNA replication is mostly suppressed with chemical inhibition of ATM (via KU55933) or ATM/ATR (via CGK733), or knockdown of chk2 (Yamaguchi et al., 2008). Similar observations were made in the ugly duckling (udu) zebrafish mutant now mapped to the gon4l gene which has been recently implicated in regulating several pleotropic mechanisms including DNA repair and genome stability (Lim et al., 2009; Tsai et al., 2020). p53-mediated apoptosis in this mutant could be successfully inhibited by either knockdown of tp53, chk2 or chemical inhibition of ATM.

Even though zebrafish ATR does not appear to control the DDR directly, it has been linked to cilia formation in Kuppfer’s vesicle cells involved in establishment of left-right asymmetry (Stiff et al., 2016). ATR knockdown in zebrafish reduces the size of the Kuppfer’s vesicle, shortens cilia in this area, reduces gli1 levels, a Hedgehog pathway target, and induces p53 targets p21 and puma. The authors linked p53 target induction to Hedgehog signaling inhibition, but it is more likely to be a direct ATR knockdown effect due to limited evidence of Hedgehog pathway inhibition. Morphologically, ATR knockdown produced left-right asymmetry defects, curved bodies, small eyes and narrow heads in zebrafish embryos, phenotypes supportive of significant Hedgehog signaling inactivation. As of this review, there are no characterized zebrafish mutants of either atm or atr. Based on the above studies, null mutants may have strong phenotypes and generation of both null and precise point mutants would help identify the spectrum of potential developmental and cancer predisposition phenotypes of ATM and ATR mutations in zebrafish to discern the relative roles of these kinases in genome stability maintenance and tumor suppression.



Fanconi Anemia Genes

Fanconi anemia is a genetic disorder caused by mutations in a group of genes involved in several aspects of DNA repair. Collectively known as the Fanconi anemia pathway, this group (22 known members) of FA proteins forms multiple complexes and mediate DNA interstrand crosslink (ICL) repair resulting from endogenous aldehydes or exogenous crosslinking agents (Liu et al., 2020). Briefly, this involves fork convergence, ICL recognition by the FA core complex, and removal of DNA replication components, involving FA genes such as BRCA2, RAD51 and others (Figure 7B). FA is an IBMFS with disease characteristics that include cancer predisposition, fertility issues, growth retardation, and congenital abnormalities affecting many tissue types (Ramanagoudr-Bhojappa et al., 2018). Individuals with FA have defective HSCs that result in aplastic anemia due to BMF, MDS, and AML (Kutler et al., 2003). The frequency of BMF is estimated at 80% in affected individuals, of whom 30% develop hematologic and solid tumors including leukemias, head and neck carcinomas, liver tumors and gynecologic malignancies by 40 years of age with rates several hundred-fold higher than the general population and the age of onset frequently in childhood or early adulthood (Kutler et al., 2003; Liu et al., 2020).

Most FA genes are highly conserved in zebrafish (Titus et al., 2009) and the most comprehensive study of 17 FA genes (fanca, fancb, fancc, fancd1/brca2, fancd2, fance, fancf, fancg, fanci, fancj/brip1, fancl, fancm, fancn/palb2, fanco/rad51c, fancp/slx4, fancq/ercc4, fanct/ube2t and 2 FA-associated genes: faap100 and faap24) revealed that FA mutants do not exhibit overt morphological phenotypes during embryonic development (Ramanagoudr-Bhojappa et al., 2018). However, adult FA zebrafish experience a female-to-male sex reversal as mutants in 12 genes had a complete reversal while 5 others had a partial reversal. This reversal has complicated certain phenotypic analyses due to the need for crosses with heterozygous females, which prevents generation of maternal-zygotic mutants. Additionally, 11 out of 17 mutants have some degree of hypersensitivity to treatment with diepoxybutane (DEB), which serves as a diagnostic test for FA gene mutations. fancp mutants exhibit a decreased body size but no FA mutants demonstrate blood-related phenotypes or increased cancer susceptibility (Ramanagoudr-Bhojappa et al., 2018). Previous work in fancl zebrafish mutants similarly demonstrated female-to-male sex reversal, which mechanistically was connected to germ cell apoptosis mediated by p53 activation (Rodríguez-Marí et al., 2010). This reversal was blocked in the fancl–/–; tp53–/– mutants, confirming the role of p53 in this process and suggested a model where lack of oocyte survival generates signals for testis development and overall male sex determination in fancl–/– mutants.

Fanconi anemia genes such as BRCA2/FANCD1, RAD51C and RAD51, homologous to the bacterial RecA, are involved in repair of DNA DSBs by homologous recombination (Bonilla et al., 2020). BRCA2 is also more broadly important for genome stability due to its involvement in DNA replication, cell cycle progression and telomere homeostasis (Fradet-Turcotte et al., 2016). Zebrafish brca2/fancd1 has received a significant amount of research attention which has revealed its important functions in genome stability, germ cell development, kidney development and tumor suppression. Female-to-male reversal and male infertility is observed in homozygous brca2 zebrafish mutants (Q658X and ZM_00057434 referred to as brca2–/– and both have a disruption in exon 11 of brca2 which is commonly observed in hereditary breast and ovarian tumors) due to the disruptions in germ cell meiosis after being correctly specified in development (Shive et al., 2010; Rodríguez-Marí et al., 2011). Loss of tp53 rescues ovary development but not male fertility. Apoptosis is dramatically increased after DEB treatment in brca2–/– zebrafish embryos and brca2–/– mutant cell lines have higher rates of chromosomal aberrations, apoptosis and slower growth compared to wild-type (Rodríguez-Marí et al., 2011). These brca2 mutant studies represent the first FA zebrafish cancer susceptibility models as both the infertile brca2–/– males developed testicular cancer, and tp53 and brca2 double heterozygotes (tp53+/M214K; brca2+/–) or homozygotes (tp53M214K/M214K; brca2–/–) had accelerated cancer development by about 5 months (Rodríguez-Marí et al., 2011). To further analyze tumor development, brca2Q658X mutants were crossed to a tp53 mutant background to drive tumor formation (Shive et al., 2014). After a > 2-year follow-up, all lines, brca2+/+; tp53+/M214K, brca2+/Q658X; tp53+/M214K and brca2Q658X/Q658X; tp53+/M214K, had a tumor incidence of 80–100% and tp53 LOH was observed nearly universally in the brca2+/+; tp53+/M214K tumors while it was only observed in 30% of the brca2Q658X/Q658X; tp53+/M214K tumors, suggesting that brca2 homozygous mutants undergo other genetic changes that drive tumorigenesis (Shive et al., 2014). Additionally, the creation of the zebrafish zeppelin (zep) mutant, mapped to brca2 by whole-genome sequencing, has revealed that brca2 also plays a role in kidney development (Kroeger et al., 2017).

RAD51/FANCR has recently been associated with FA and provides genetic support to well-known interactions between RAD51 and BRCA2 (Bonilla et al., 2020). This functional interaction is well-conserved in zebrafish as antibody staining in embryos show that endogenous rad51 forms foci upon induction of DNA DSBs, but these foci do not form in brca2–/– mutants and are reduced in brca2+/– embryos (Vierstraete et al., 2017). A recent zebrafish study showed that rad51 null embryos exhibit both increased chromosomal abnormalities after DEB treatment and increased sensitivity to gamma irradiation, consistent with the designation of RAD51 as an FA pathway gene (Botthof et al., 2017). Zebrafish rad51l1 mutants, a rad51 paralog, are synthetically lethal when combined with rad51 mutant, demonstrating the redundancy of their functions. In contrast to all other FA gene mutants, rad51–/– mutants exhibit decreased staining for HSC markers during larval stages and lower total cell numbers in kidneys in adults, both of which are rescued by tp53 loss (Botthof et al., 2017).



DNA Mismatch Repair

The DNA mismatch repair (MMR) pathway maintains chromosome stability and prevents increases in the rate of mutations, therefore it is of great significance for the maintenance of genome stability (Ijsselsteijn et al., 2020). Indeed, genes involved in the MMR pathway, including MLH1, MSH2, MSH6, PMS1, PMS2, are known CPGs and their mutations are responsible for Lynch syndrome (hereditary non-polyposis colorectal cancer) (Rahman, 2014). The zebrafish mlh1 mutant shows the importance of mlh1 for chromosome segregation in meiosis during gametogenesis as mutant males are infertile and exhibit abnormal testis histology, accumulation of spermatocytes and apoptosis (Feitsma et al., 2007) with a < 1% fertilization rate, as well as higher mutational burden in the resulting embryos (Leal et al., 2008). mlh1 mutant females are fertile when bred with wild-type males, but still frequently produced aneuploid and triploid embryos. These phenotypes are fully consistent with mouse models of MMR defects and possible links of MMR gene defects to human male infertility (Mukherjee et al., 2010). Further characterization of mlh1, msh2 and msh6 mutants shows microsatellite instability in the progeny from mutant males and revealed increased cancer incidence in mutant adults with tumors mainly characterized as neurofibromas and MPNSTs (Feitsma et al., 2008).



CPGs of Diverse Functions Contribute to Genome Stability

The genes discussed so far in this section are directly involved in DNA repair pathways. However, given the complexity of this process and its regulatory mechanisms, it can be expected that additional genes will be implicated in tumor suppression that have indirect or unexpected roles in genome stability. We will discuss several case studies highlighting how the zebrafish model has been employed to examine such genes.

ATRX is a SWI/SNF-like chromatin remodeler specialized in depositing H3.3 histone onto genomic DNA in a complex with the histone chaperone DAXX. Loss of ATRX is associated with both alternative lengthening of telomeres, thus promoting cell immortalization, and a wide range of cancer types, especially those of the nervous system, such as gliomas and neuroendocrine tumors (Nye et al., 2018). However, an recently-identified interaction between ATRX and FANCD2 implicates ATRX and DAXX in repair mechanisms of DNA DSBs, suggesting a direct and active role of ATRX in the DDR (Raghunandan et al., 2020). Although atrx null mutant (atrx–/–) zebrafish do not survive past larval stages, blood development in mutant embryos is relatively normal with the exception of a single globin gene and more spherical erythrocytes (Oppel et al., 2019). Lethality of atrx loss required the authors to investigate its cancer-promoting properties in highly sensitized tumor-prone mutants, tp53–/–; nf1b–/–; nf1a+/–; atrx+/– and tp53–/–; nf1b–/–; nf1a+/+; atrx+/–. Heterozygous atrx loss did not increase the rate of tumor formation but led to a wider spectrum of tumor types, tert down-regulation, lengthening of telomeres and up-regulation of polycomb repressive complex 2 genes compared to atrx+/+ tumors. This model represents an important step for atrx investigation in zebrafish and may be further improved by tissue-specific or conditional approaches to atrx inactivation to circumvent larval lethality of this mutant.

The designation of DICER1 and DROSHA as CPGs is not surprising given their fundamental roles in microRNA (miRNA) biogenesis as miRNA genes are well-known oncogenes and tumor suppressors (Hammond, 2015) and there is a diverse spectrum of cancers observed in DICER1 syndrome (Robertson et al., 2018). However, over the last decade, small RNAs and lncRNAs have been implicated in the DDR (Vågbø and Slupphaug, 2020). Genomic DDR foci produce DICER1- and DROSHA-dependent small RNAs (20–35 nucleotides), which are required for full DDR activation in mammalian cells and zebrafish (Francia et al., 2012). Further, dicer1 knockdown in zebrafish strongly disrupts the DDR based on reductions in ATM and γ-H2AX phosphorylation in a cell-autonomous manner based on the aberrant DDR in transplanted dicer1 morphant cells (Francia et al., 2012). This suggests that DICER1 and DROSHA are part of the DNA repair pathway and further evaluation is needed from the perspectives of both miRNA biogenesis and genome stability maintenance.

The von Hippel-Lindau protein (pVHL) mainly functions in the cellular response to hypoxia where it is responsible for poly-ubiquitination of Hypoxia Inducible Factor (HIF) proteins 1 and 2. Under normoxic conditions, HIF1/2 are hydroxylated and degraded; however, they become less hydroxylated under hypoxic conditions and accumulate, causing transactivation of their target genes. Loss of pVHL leads to a constitutively active hypoxic response and is the cause of von Hippel Lindau disease. Affected individuals develop retinal and central nervous system vascular tumors known as hemangioblastomas, pancreatic and kidneys cysts, pheochromocytoma, and clear cell renal cell carcinomas (ccRCC) (Gossage et al., 2015). Previous work in ccRCC cell lines demonstrates the importance of pVHL for DNA DSB repair (Metcalf et al., 2014). VHL has two paralogs in zebrafish, vhl and vll, and zebrafish pVHL mutants demonstrate that vhl gene loss is mainly responsible for HIF signaling activation, which is significantly enhanced upon vll loss, while vll is important for genome stability maintenance (Kim et al., 2020). The vhl–/–; vll–/– double mutants have reduced p53 activation and are resistance to apoptosis following the induction of genotoxic stimuli which was phenocopied by Hif activation. Additionally, genotoxic-induced apoptosis in brca2–/– mutants is rescued by vhl loss. Thus, these results firmly establish vhl and vll as VHL homologs with divided but complementary functions that can enable the creation of cancer models involving these genes (Kim et al., 2020).



CONCLUSION

Zebrafish models are amenable to a variety of genetic technologies and represent a powerful in vivo tool to investigate the roles and mechanisms of CPGs in development and tumorigenesis. We have reviewed how the zebrafish is well-positioned for preclinical studies focused on identifying novel mutations and genes, as well as elucidating how their molecular mechanisms contribute to biological functioning and cancer development. One major advantage of the zebrafish model is the more rapid and less expensive generation of genetic disease models than is possible in the mouse. Zebrafish also provide excellent opportunities for in vivo imaging throughout development and to some extent in adults. Additionally, mutations of certain genes are often more tolerable in zebrafish than in the mouse which is partially explained by the partial genome duplication that occurred in zebrafish and as such, zebrafish models often survive longer and allow for more in-depth studies. This phenomenon also provides the ability to investigate the effect of multiple modifier genes through the creation of compound mutants, especially for CPGs. One common CPG/modifier often investigated is tp53 due to the prominent role of tp53 in tumor suppression. Several of the cancer predisposition models we have highlighted investigated the role of p53 in disease progression and have employed tp53 mutants to facilitate tumor development in their models.

In this way, zebrafish models have tremendous potential to provide preclinical insights to change the natural history of life-threatening cancer predisposition disorders. Mutations in CPGs predispose individuals to an increased risk of cancer via their key roles in both development and homeostatic control/maintenance, especially during times of cellular stress like DNA damage or energy depletion. Thus, the generation and characterization of zebrafish models has tremendous utility for identifying novel therapies for these rare but devastating syndromes. Further, knowledge gained from zebrafish models also holds great significance to the broader cancer research community, as biological insights about CPG mechanisms will also reveal the biological processes underlying sporadic tumorigenesis. However, one current limitation is that several of the aforementioned zebrafish disease models are knockouts while their corresponding syndrome is more typically caused by a missense mutation that does not result in protein truncation; thus, these models may not fully represent the genetic underpinnings of the disease nor the resulting protein interactions. This was likely due to the availability/usability of genome editing technologies at the time of model creation, but the recent optimization of several genome editing techniques, as well as soon anticipated-in-zebrafish technologies including prime editing, will aid future researchers to more easily and efficiently develop more representative disease-specific genetic models. Additionally, once established, genetic zebrafish models can serve as a drug screening platform to rapidly and efficiently identify novel therapies. However, to date, zebrafish cancer predisposition models have been employed predominantly in proof-of-principle drug studies with known molecular targets to highlight genotype-phenotype correlations. Thus, this represents an exciting and powerful next step for many of these models to provide clinical insights and reveal new avenues of therapeutic intervention.
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The zebrafish (Danio rerio) has recently emerged as an excellent model to study cancer biology and the tumour microenvironment, including the early inflammatory response to both wounding and early cancer growth. Here, we use high-resolution confocal imaging of translucent zebrafish larvae, with novel automated tracking and cell:cell interaction software, to investigate how innate immune cells behave and interact with repairing wounds and early cancer (pre-neoplastic) cells expressing a mutant active human oncogene (HRASG12V). We show that bacterial infections, delivered either systemically or locally, induce a change in the number and behaviour of neutrophils and macrophages recruited to acute wounds and to pre-neoplastic cells, and that infection can modify cellular interactions in ways that lead to a significant delay in wound healing and a reduction in the number of pre-neoplastic cells. Besides offering insights as to how Coley’s toxins and other cancer bacteriotherapies may function to reduce cancer burden, our study also highlights novel software tools that can be easily adapted to investigate cellular behaviours and interactions in other zebrafish models.
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INTRODUCTION

There are many cell and molecular parallels between wound healing and cancer, and it has often been said that tumours behave somewhat like wounds that fail to heal (Dvorak, 1986; Schäfer and Werner, 2008; MacCarthy-Morrogh and Martin, 2020). Both wounds and cancer activate an inflammatory response and both tissue insults trigger release of several of the key “damage” attractants, including H2O2, HMGB1 and chemokines that bind CXCR2, which drive innate immune cell recruitment (Niethammer et al., 2009; Feng et al., 2010; Moreira et al., 2010; Willenborg et al., 2012; de Oliveira et al., 2013; Bald et al., 2014; Freisinger and Huttenlocher, 2014; Coombs et al., 2019; Zhou et al., 2020). Similarly, some of the downstream consequences of localised inflammation, including matrix deposition and angiogenesis, are common to cancer and wound healing also (MacCarthy-Morrogh and Martin, 2020). For both cancer and wound healing, the inflammatory response can be considerably altered by the local microbiome and by local, or systemic infection (Holder et al., 1997; Garrett, 2015; Dzutsev et al., 2017; Williams et al., 2017; Helmink et al., 2019; Janney et al., 2020). Serendipitous findings extending back to those of Coley in the early 1900s have suggested that infection can enhance, or prime, the host immune response to better recognise and eradicate cancers (Coley, 1910; Felgner et al., 2016). During tissue repair, there is evidence that some aspects of the wound inflammatory response may be activated by exposure to microbial antigens (Holder et al., 1997; Crompton et al., 2016; Miskolci et al., 2019; Schild et al., 2020), although if infection becomes overwhelming, this can lead to a chronic non-healing wound (Caldwell, 2020). Whilst the longer term consequences of infection on cancer and wound healing have been partially explored, rather little is known about how infections alter the behaviour of innate immune cells, to influence these consequences, for example their velocity and migratory persistence towards, and in the vicinity of the tissue insult, and how this in turn impacts on wound or cancer pathology. Here we take advantage of the genetic tractability and translucency of zebrafish larval tissue to perform high resolution imaging (with and without infection), of immune cell interactions with wounds, and during cancer initiation, which we analyse and quantify using a bespoke automated cell tracking and cell:cell interaction workflow.



RESULTS AND DISCUSSION


Inflammatory Cell Behaviour Is Similar in Response to Wounds and the Presence of Pre-neoplastic Cells

The recruitment of innate immune cells to early pre-neoplastic clones and to wounds can profoundly influence cancer and repair outcomes (Feng et al., 2010; Antonio et al., 2015; Gurevich et al., 2018; Loynes et al., 2018). Detailed studies of inflammatory cell interactions and behaviours once having reached the vicinity of their target site have been hindered by a lack of suitable bespoke automated tracking software. We have developed novel algorithms to compare macrophage and neutrophil recruitment behaviours in response to growing pre-neoplastic clones vs. acute injury.

For a cancer model, we took advantage of a previously published zebrafish line, Tg(kita:HRASG12V-GFP) (Feng et al., 2010; Santoriello et al., 2010), where the kita promoter drives gene expression of a mutant human oncogene, HRASG12V, tagged with GFP, in melanoblasts and mucus-secreting goblet cells of the zebrafish larval skin. We have focused our studies on goblet cells in this cancer model because of their clarity for imaging. These HRASG12V expressing cells multiply unlike their equivalents in control larvae which express only a fluorescent marker and remain as single cells; from here on in we term the HRASG12V expressing clones as pre-neoplastic cells. For acute injury we made needle stick local wounds in the flanks of larvae.

We first compared the behaviour of innate immune cells responding to multiple clones of pre-neoplastic cells vs. wounded tissue, by live imaging neutrophils expressing cytoplasmic RFP and macrophages expressing nuclear GFP in Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) cancerous larvae at 6 days post-fertilisation (dpf) (Hall et al., 2007; Bernut et al., 2019), and wounded Tg(lyz:DsRed;mpeg1:nls-Clover) larvae at the same developmental stage. Equivalent regions of skin in cancerous fish with pre-neoplastic clones, and in control larvae with single goblet cells fluorescently tagged with RFP, were imaged for 2 h, and these movies were compared to 2 h movies collected from wound lesions made in larvae with fluorescently labelled immune cells but no cancer burden at either 0.5 or 4 h post-wounding (hpw). Using a bespoke workflow enabling automated analysis we are able to quantify interactions between immune cells and lesions (wounds or pre-neoplastic cells) over time (Figure 1A and Supplementary Figure 1). This algorithm was designed to accurately detect and outline the plasma membrane of neutrophils, and the nuclei of macrophages, as well as the margins of both pre-neoplastic cancer clones and wounds, enabling dynamic “cell-to-cell” distance measurements between immune cells and the corresponding lesions to be gathered from large movie datasets (Figures 1Bi-iii and Supplementary Movie 1).
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FIGURE 1. Analysing the inflammatory response to different skin lesions in zebrafish larvae. (A) Schematic to illustrate our cancer-wound comparison studies showing the region (black box) to be imaged in (B–E), for neutrophils (magenta) and macrophages (orange) as they respond to the different skin lesions: local wound (LW), healthy RFP-expressing goblet cells (HCs) or pre-neoplastic GFP-expressing goblet cells (PNCs); dotted lines indicate the “close proximity” zone from margins of each lesion type; 1 and 2 indicate immune cells in contact with the lesion or within “close proximity”, respectively, and 3 indicates immune cells outside this zone. (B–E) Multi-channel confocal movie frames of 6 dpf flank wounded Tg(lyz:DsRed;mpeg1:nls-Clover) (B,C), unwounded control Tg(kita:mCherry; lyz:DsRed;mpeg1:nls-Clover) (D) or cancerous Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) (E) larvae prior to analysis of neutrophil (magenta) or macrophage (green nuclei) behaviour and their interactions with the respective skin lesions (white arrowheads). (B’–E’,B”–E”) Post-software images of the same larvae showing neutrophils (magenta) (B’–E’) or macrophage nuclei (green) (B”–E”) and their tracks in the vicinity of the lesion (white lines indicate lesion margins). (i–iii) Higher magnification views from (B,B’,B”) showing the “cell-to-cell” distance between neutrophil cytoplasmic (ii) or macrophage nuclear (iii) margins to lesion margins. (F,G,F’,G’) Graphs showing number and duration of neutrophil-lesion (F,F’) and macrophage-lesion (G,G’) interactions. (H,I,H’,I’) Graphs showing velocity and directionality ratio of neutrophils (H,H’) and macrophages (I,I’) quantified at the lesion site. Scale bars = 100 μm in (B–E), 50 μm in (Bi).


Using this software we quantified the number of immune cell-lesion interactions [classified as direct contacts or those within close proximity (<20 μm or <50 μm, neutrophil margin and macrophage nuclei, respectively)], and their duration (Figure 1A), in order to distinguish whether downstream consequences might be dependent on direct cell-lesion contacts, or rather, mediated by diffusible signals (e.g., growth factors or cancer cell killing molecules).

Very few neutrophil-goblet cell interactions were detected in unwounded control larvae (Figures 1D,F,F’ and Supplementary Movie 1). However, as previously described (Feng et al., 2010), if these cells express mutant HRASG12V, neutrophils are recruited to and interact with the growing pre-neoplastic clones (Figures 1E,F,F’ and Supplementary Movie 1). We see a similar level of recruitment, retention and interaction of neutrophils with larval local flank wounds at early timepoints (0.5–2.5 hpw) post-wounding (Figures 1B,F,F’ and Supplementary Movie 1). At later timepoints (4–6 hpw), the number of neutrophil-wound interactions increased considerably (Figures 1C,F and Supplementary Movie 1).

Numbers of macrophage interactions with both pre-neoplastic clones and local flank wounds are also higher than for control fish, with a progressive increase in the number of interactions observed at later timepoints post-wounding (Figures 1B–E,G and Supplementary Movie 1). Individual macrophage-lesion interaction time was similar for fish with pre-neoplastic clones and local flank wounds (Figure 1G’ and Supplementary Movie 1).

As well as counting numbers of immune cell interactions and measuring their interaction times with these various lesions, we wanted to determine whether their migratory behaviour, as gleaned from their tracks, had been significantly altered. Both neutrophil and macrophage velocity and directionality towards local flank wounds increase as cells are first being recruited, after wounding (from 0.5 to 2.5 hpw), but this reverted back to control levels by 4 h post-wounding (Figures 1H,I,B’–D’,H’,I’,B”–D” and Supplementary Movie 1). By contrast, despite clear recruitment of individual immune cells to pre-neoplastic cells, we see no overall increase in neutrophil or macrophage velocity, or directionality in the vicinity of these clones (Figures 1H,I,E’,H’,I’,E” and Supplementary Movie 1), indicating that recruitment of immune cells to pre-neoplastic clones was less synchronised than to wounds and thus hidden in our analyses of these multiple independently acting clones.



Infection Alters the Wound Inflammatory Response

Next, we investigated whether bacterial infection alters the inflammatory response to wounding. We selected the gram-negative bacterium E. coli, which is non-pathogenic, but triggers an inflammatory response when injected into zebrafish larvae (Sieger et al., 2009; Colucci-Guyon et al., 2011; Hou et al., 2016). To address how neutrophils and macrophages respond to an infected wound, Tg(lyz:DsRed;mpeg1:nls-Clover) larvae were locally injected with E. coli (or control media) into a somite at 3 dpf, and larvae were imaged from 0.5 to 2.5 hpw (Figures 2A–C and Supplementary Movie 2). Infection leads to an increase in numbers of both neutrophil and macrophage interactions with the wound lesion. For neutrophils this leads to an increased total interaction time in infected vs. uninfected wounds. However, for macrophages, individual interactions become shorter in duration so that the total duration of macrophage interactions is not significantly altered by infection (Figures 2B–E,D’,E’,D”,E” and Supplementary Movie 2). Infection also alters other behavioural aspects of immune cells, in the vicinity of wounds, increasing their migration velocity although not their directionality (Figures 2B’,C’,B”,C”, Supplementary Figures 2A,B,A’,B’, and Supplementary Movie 2). Our time-lapse movies also show that infected wounds induce robust neutrophil swarming (Supplementary Movie 2), in agreement with data reported by others in response to different infectious stimuli (Huang and Niethammer, 2018; Poplimont et al., 2020).
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FIGURE 2. Alterations to the wound inflammatory response upon E. coli infection and consequences for tissue repair. (A) Schematic of the experimental timeline for locally infected flank wound studies showing the region (black box) to be imaged in (B,C,F–I). (B,C) Multi-channel confocal movie frames of flank wounded Tg(lyz:DsRed;mpeg1:nls-Clover) larvae at 0.5 hpw after local injection of control media (B) or E. coli (C), and prior to analysis of neutrophil (magenta) or macrophage (green nuclei) behaviour and their interactions with the wound. (B’,C’,B”,C”) Post-software images of the same larvae showing neutrophils (magenta) (B’,C’) or macrophage nuclei (green) (B”,C”) and their tracks towards the wound (white lines indicate wound margins). (D,E,D’,E’,D”,E”) Graphs showing number and individual/overall duration of neutrophil-wound (D,D’,D”) and macrophage-wound (E,E’,E”) interactions. (F,G) Multi-channel confocal images of flank wounded Tg(krt4:GFP;krt19:tdTomato-CAAX) larvae showing the disposition of the larval zebrafish skin superficial (green) and basal (magenta) cell layers at 0.5 hpw in control (F) or E. coli-injected fish (G). (H,I) Scanning electron micrographs of flank wounded larvae at 0.5 hpw after local injection of control media (H) or E. coli (I). (F’–I’,F”–I”,F”’–I”’) Higher magnification views of wound regions from (F–I) at 0.5 hpw (F’–I’), 8 hpw (F”–I”), and 24 hpw (F”’–I”’). (J) Graph showing rate of healing in infected vs. uninfected wounds. Scale bars = 100 μm in (B,C), 75 μm in (F,G), 50 μm in (H,I), 20 μm in (F’,G’,F”,G”,F”’,G”’), 10 μm in (H’,I’,H”,I”,H”’,I”’).


Because infection clearly impacts the wound inflammatory response, we questioned how this might alter wound healing per se. To study this, we used confocal and scanning electron microscopy to image wounded Tg(krt4:GFP;krt19:tdTomato-CAAX) larvae in which superficial and basal epidermal skin cells are labelled in green and red, respectively (van den Berg et al., 2019) (Figures 2F–I). We observed that infection significantly delays wound healing of needle stick local wounds. Uninfected wounds heal very rapidly within the first hours post-wounding (Gault et al., 2014; Morris et al., 2018), with 60% of wounded fish showing complete re-epithelialisation by 8 hpw (Figures 2F”,H”,J). However, none of the infected wounds are healed at this early timepoint (Figures 2G”,I”,J), and while 100% of control wounds have completely healed by 48 hpw, 40% of infected wounds still remain unhealed and disorganised (Figure 2J), although at later timepoints they heal completely (data not shown). Infection is a known risk factor for impaired healing of wounds (Holder et al., 1997; Crompton et al., 2016; Miskolci et al., 2019) and our data suggest that a key link might be, at least in part, an altered wound inflammatory response, and that inflammatory cell behaviour might serve as a prognostic indicator for wound healing status.



Infection Triggers an Increase in Leukocyte Numbers and Velocity in Otherwise Healthy Skin

Prior to our infection studies in cancerous larvae, we investigated how bacterial infection modulates the number and behaviour of immune cells in otherwise healthy zebrafish skin. Tg(lyz:DsRed;mpeg1:nls-Clover) larvae were either systemically injected with E. coli (or control media) at 2 dpf, or locally injected at 3 dpf, and the resulting behaviour of innate immune cells at the local injection site was quantified at 2 days post-injection (dpi) (Supplementary Figures 3A,F). Systemic E. coli infection triggers an increase in both numbers of macrophages and their velocity in skin, but does not appear to alter neutrophil numbers or their behaviour (Supplementary Figures 3B–E,B’–E’,B”–E” and Supplementary Movie 3). Local E. coli infection leads to increased numbers of both macrophages and neutrophils in the skin, and analysis of their tracks shows that both lineages exhibit increased velocity, with neutrophils also showing increased directionality, as if to an acute wound (Supplementary Figures 3G–J,G’–J’,G”–J” and Supplementary Movie 4).



Systemic and Local E. coli Infections Both Alter the Kinetics of Interactions Between Inflammatory Cells and Pre-neoplastic Cells

Next, we examined how innate immune cells respond to pre-neoplastic cells in the skin, in the presence of a local or systemic E. coli infection, due to the potential clinical relevance of both infection strategies in the treatment of local primary cancers or dispersed metastatic cancers, respectively. Therefore, Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) cancerous larvae were injected with E. coli (or control media), as previously described (Figures 3A,F). Both systemic and local infection experiments showed that immune cells are recruited in higher numbers to the cancerous skin (Supplementary Figures 4A–D) and that the number of occasions when leukocytes came within close proximity of a clone of pre-neoplastic cells is significantly increased in E. coli injected-fish compared with uninfected fish at 2 dpi (Figures 3B–E,G–J and Supplementary Movies 5, 6). However, for neutrophils, each of these interaction times are shorter so that total duration of neutrophil interactions is not significantly altered by infection (Figures 3D’,I’,D”,I”). By contrast, individual macrophage:pre-neoplastic cell interactions are of similar duration time, leading to an overall increase in interaction time in the infected fish (Figures 3E’,J’,E”,J”). Both neutrophils and macrophages exhibit an increased velocity, but no alteration in their directionality, when cancerous larvae are systemically or locally infected with E. coli compared with uninfected fish at 2 dpi (Figures 3B’,C’,G’,H’,B”,C”,G”,H”, Supplementary Figures 4A’–D’,A”–D”, and Supplementary Movies 5, 6).
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FIGURE 3. Altered cancer inflammatory response upon E. coli or Coley’s toxins infection. (A) Schematic of the experimental timeline for systemically infected cancer studies showing the region (black box) to be imaged in (B,C). (B,C) Multi-channel confocal movie frames of the flank of cancerous Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) larvae at 2 dpi after systemic injection of control media (B) or E. coli (C), and prior to analysis of neutrophil (magenta) or macrophage (small green nuclei) behaviour and their interactions with pre-neoplastic cells (large green cells). (B’,C’,B”,C”) Post-software images of the same larvae showing neutrophils (magenta) (B’,C’) or macrophage nuclei (green) (B”,C”) and their tracks in the vicinity of pre-neoplastic clones (white lines indicate clonal margins). (D,E,D’,E’,D”,E”). Graphs showing number and individual/overall duration of neutrophil-cancer (D,D’,D”) and macrophage-cancer (E,E’,E”) interactions. (F) Schematic of the experimental timeline for locally infected cancer studies showing the region (black box) to be imaged in (G,H). (G–J,G’–J’,G”–J”) The same analysis was carried out for local infection as previously described for the systemic infection experiments. Scale bars = 100 μm.


Our automated cell tracking algorithm allows us to distinguish between direct contacts and close interactions between neutrophils and pre-neoplastic cancer clones. When we quantify number and duration of neutrophil:pre-neoplastic cell direct contacts we see no significant difference between infected and control larvae, in both systemic and local experiments, and similar is true for macrophage:pre-neoplastic cell direct contacts (Figures 3D,E,I,J,D’,E’,I’,J’,D”,E”,I”,J”) suggesting that any immune cell influence on cancer progression is not entirely dependent on direct cell:cell contacts, and rather is likely to be, at least in part, mediated by diffusible signals. Previous live imaging studies in zebrafish have indicated that direct contacts occur and can even lead to phagocytosis of pre-neoplastic cells (Feng et al., 2010; Chia et al., 2018), or to “donation” of cytoplasmatic material to the cancer cells (Roh-Johnson et al., 2017). However, murine studies have shown that infection-mediated tumour growth suppression is mediated by pro-inflammatory cytokines secreted by tumour-associated macrophages (Kim et al., 2015).



Coley’s Toxins Mimics E. coli-Triggered Immune Cell Responses to Pre-neoplastic Cells

As previously described, a combination of heat-killed bacteria (S. pyogenes and S. marcescens), termed Coley’s toxins, has previously been shown to trigger cancer regression when administered to cancer patients (Coley, 1910; Felgner et al., 2016). This cancer “dissolving” effect was thought to be mediated by the activation of the host immune system following toxin treatment (Wiemann and Starnes, 1994). Therefore, we wondered whether Coley’s toxins might reproduce the behavioural effects of immune cells observed when E. coli was systemically injected in cancerous larvae. Indeed, we find that both neutrophils and macrophages alter their numbers and behaviour in the cancerous skin, and their interactions with pre-neoplastic cells upon systemic injection of Coley’s toxins, in ways that mimic our E. coli data (Figures 3D,E,D’,E’,D”,E” and Supplementary Figures 4A,B,A’,B’,A”,B”).



A Longer Term Consequence of Altered Immune Cell Behaviours Post-infection Is a Reduction in Numbers of Pre-neoplastic Cells

Since administration of live bacteria or Coley’s toxins to larvae with pre-neoplastic lesions clearly alters the behaviour of immune cells and their interactions with these pre-neoplastic cells, we investigated what might be the longer term consequences of these changes. A single systemic, or local injection of E. coli or Coley’s toxins at 3 dpf, results in no long term effect in numbers of pre-neoplastic cells (Figures 4A–C,F), but when cancerous larvae were given consecutive local injections of E. coli or Coley’s toxins at 3, 4, and 5 dpf, we observe that the number of pre-neoplastic cells is significantly reduced in 6 dpf larvae compared with fish multiply injected with control media (Figures 4A,D–F).


[image: image]

FIGURE 4. Prolonged pro-inflammatory response and reduction in cancer cell numbers upon consecutive local injections of E. coli or Coley’s toxins. (A) Schematic of the experimental timeline for single/multiple locally infected cancer studies showing the region (black box) to be imaged in (B–E,G–J). (B–E) Multi-channel confocal images of the flank of cancerous Tg(kita:HRASG12V-GFP) larvae showing pre-neoplastic cells (green) at 3 dpfi after single vs. multiple local injections of control media (B,D) or E. coli (C,E). (F) Graph showing number of pre-neoplastic cells following each treatment. (G–J) Multi-channel confocal images of the flank of cancerous Tg(kita:HRASG12V-GFP;mpeg1:mCherry;tnfα:GFP) showing pre-neoplastic cells (green) and tnfα-positive macrophages (yellow) (tnfα-negative macrophages are red) at 1 dpfi (G,H) or 3 dpfi (I,J) after single vs. multiple local injections of E. coli. (G’–J’) Single-channel confocal images of the same larvae showing GFP-expressing cells (pre-neoplastic cells and tnfα-positive cells). (K) Graph showing the percentage of tnfα-positive macrophages at two timepoints for all of the injection regimes. Scale bars = 100 μm.


As a first step in characterising this infection-triggered blocking influence on immune cells we decided to investigate how multiple infections might alter leukocyte phenotype in ways that differ from a single infection timepoint. Tumour necrosis factor α (tnfα) expression is a useful proxy for the pro-inflammatory or M1 macrophage phenotype (Nguyen-Chi et al., 2015; Gurevich et al., 2018), and has been linked to cancer cell killing (Laster et al., 1988; Balkwill, 2009; Kim et al., 2015; Póvoa et al., 2021). We combined a zebrafish tnfα reporter line, Tg(tnfα:GFP) (Marjoram et al., 2015), with Tg(kita:HRASG12V-GFP;mpeg1:mCherry) cancerous fish, to reveal macrophages with a pro-inflammatory (tnfα-positive) phenotype in the vicinity of pre-neoplastic cells. Our data indicate that single injections of E. coli or Coley’s toxins lead only to transient tnfα expression by skin macrophages but daily injections lead to chronic tnfα expression maintained from 1 to 3 days post-first injection (dpfi) (Figures 4G–K,G’–J’). We speculate that this prolonged pro-inflammatory state exhibited by macrophages after multiple local infections may prompt the reduced pre-neoplastic cell numbers that we observe, although experiments transiently inhibiting these chronically activated tnfα-positive macrophages are needed to definitively confirm this. If proven, this would suggest a threshold response which we have seen also when investigating how wounding impacts on cancer cell growth, where only wounds above a threshold size, and triggering a sufficiently large inflammatory response, impact on clonal growth (Antonio et al., 2015).

Our study provides a new approach for quantifying how infection may alter the inflammatory response to a wound and to cancer cells in vivo, and how this might trigger immune cells to inhibit cancer growth or encourage cancer killing (Supplementary Table 1). Clearly, in the longer term it will be more useful to develop therapies that avoid delivery of infective particles. In this regard, a recent study showing how bacterial antigens can be mimicked by specific Toll-Like Receptor 2 (TLR2) agonists to switch macrophages into an anti-tumour phenotype indicates that such approaches may lead us towards therapies for the clinic (Feng et al., 2019).




MATERIALS AND METHODS


Zebrafish Lines and Maintenance

Husbandry of adult zebrafish (Danio rerio) was performed as previously described (Westerfield, 2007). We used transgenic lines including: Tg(kita:Gal4;UAS:mCherry;UAS:HRASG12V-GFP) (Feng et al., 2010; Santoriello et al., 2010) which were in-crossed to obtain siblings either cancerous Tg(kita:HRASG12V-GFP), or control Tg(kita:mCherry); Tg(lyz:DsRed) (Hall et al., 2007); Tg(mpeg1:nls-Clover) (Bernut et al., 2019); Tg(mpeg1:mCherry) (Ellett et al., 2011); Tg(krt4:GFP;krt19:tdTomato-CAAX) (van den Berg et al., 2019); Tg(tnfα:GFP) (Marjoram et al., 2015). Animal experiments were ethically approved by the University of Bristol Animal Welfare and Ethical Review Body (AWERB) and conducted in accordance with the UK Home Office regulations.



Bacterial Infection

E. coli infection experiments were performed using E. coli (BL21), expressing red fluorescent protein DsRed (kindly provided by Will Wood, University of Edinburgh) or blue fluorescent protein BFP (Thermo Fisher Scientific). Injection inoculum was prepared from an overnight LB culture in the log-phase of growth resuspended in 2% polyvinylpyrrolidone40 (PVP40) solution (Sigma) and phenol red (Sigma). For systemic infection, zebrafish larvae were anaesthetised at 2 days post-fertilisation (dpf) by immersion in 0.16 mg/mL Tricaine (Sigma) and injected with 2 nL containing 400–500 colony forming units (CFUs) of E. coli into the caudal vein, as previously described (Takaki et al., 2013). This bacterial concentration was selected as sub-lethal from our own titration experiments, and in accordance with previous studies (Colucci-Guyon et al., 2011). For localised infection, 1.5 nL containing 1,500–1,600 CFUs of E. coli were injected subcutaneously in the somite above the cloaca of anaesthetised 3 dpf zebrafish larvae, as previously described (Benard et al., 2012).

Coley’s toxins infection experiments were performed using Coley Fluid (MBVax Bioscience, Canada) which contains a combination of heat-killed S. pyogenes and S. marcescens equivalent to the preparation used by W. Coley in the past (Wiemann and Starnes, 1994), resuspended in 2% PVP40 solution. Zebrafish larvae were injected with 2 nL of this preparation for systemic infection or 1.5 nL for localised infection.

For repetitive local infections experiments, E. coli or Coley’s toxins were locally injected in the same somite (above the cloaca) on consecutive days (3, 4, and 5 dpf).



Wounding Protocols

For localised wounding experiments, zebrafish larvae were anaesthetised in 0.16 mg/mL Tricaine prior to wounding their flanks in the somite directly adjacent the cloaca using a glass needle, following the protocol previously described (Gurevich et al., 2018). Larvae were harvested at appropriate times post-wounding and analysed by confocal and scanning electron microscopy (see below). Timepoints for analysis of immune cell-wound interactions were restricted to up to 6 h post-wounding to capture the early inflammatory response before the neutrophils leave the wounded area and a healthy skin wound entirely seals.



Scanning Electron Microscopy

Zebrafish larvae were anaesthetised and fixed in primary fix (2.5% glutaraldehyde, 4% paraformaldehyde, 0.1 M sodium cacodylate) at 4°C overnight. These samples were washed in 0.1 M sodium cacodylate (3 × 10 min) and then transferred to 1% osmium tetroxide, at room temperature for 2 h. After fixation, samples were rinsed in 0.1 M sodium cacodylate before serial dehydration in EtOH and critically point dried and sputter coated with Gold/Palladium (Au/Pd) prior to imaging with a FEI Quanta 200 FEG scanning electron microscope.



Confocal Imaging

Anaesthetised zebrafish larvae were mounted in 1% low-melting point agarose (Sigma) in a glass-bottomed dish, filled with Danieau’s solution with 0.1 mg/mL of Tricaine anaesthetic. Images were collected using a Leica TCS SP8 AOBS confocal laser scanning microscope attached to a Leica DMi8 inverted epifluorescence microscope with a 20× glycerol lens, maintained at 28°C. Movies were recorded at an interval time of 2 min per frame and a total time of 1.5 or 2 h and were exported from Fiji as QuickTime movies to play at 10 frames per sec.



Post-image Analysis


Automated Tracking and Immune Cell-Lesion Behavioural Quantification

All image analysis was performed in Fiji (Schindelin et al., 2012). Detection, tracking and spatial analysis of cells used the Modular Image Analysis (MIA) automated workflow plugin for Fiji (Cross, 2020)1,2. The numerical values for the settings were derived empirically and chosen to accurately represent the fluorescence signal.

For neutrophils, their cytoplasm was automatically detected in time-lapse movies using a sequential binarisation and connected-components labelling process (Otsu, 1979; Legland et al., 2016), while for macrophages, where cytoplasmic margin is much less clearly defined, we detected their nuclei and using pixel classification (Arganda-Carreras et al., 2017) followed by binarisation at a fixed probability prior to connected-components labelling. Detected objects were subjected to size-based filters to remove noise.

Cell and nuclear surfaces were automatically outlined and the surface-surface distance between each of the immune cell lineages and pre-neoplastic cells or wounds automatically measured in space and time using Fiji. To distinguish interactions involving direct contacts vs. those immune cells that came in “close” proximity to the cancer or wound lesion, we arbitrarily selected 20 μm as a maximum surface to surface neutrophil-lesion distance, as a “close” interaction, and for macrophages, we considered less than 50 μm nuclear surface-lesion surface (accounting for 30 μm average macrophage radius) to be a “close” interaction (see Figure 1A).

These contacts and close proximity interactions were detected by our bespoke algorithm, and quantified, throughout the period of each movie, to give numbers of immune cell-lesion interactions and their individual and summed/overall duration times.

The number of neutrophils and macrophages in the skin of each larva was automatically quantified from time-lapse movies using the protocol as described above.

Neutrophils and macrophages were tracked between frames using the TrackMate plugin for Fiji (Tinevez et al., 2017). Behavioural features (velocity and directionality ratio) were measured for each tracked cell.



Manual Supplementation to Our Automated Tracking Studies

To complement our automated analysis above, the detection of both macrophage nuclei and pre-neoplastic cells was manually corrected in instances where the difference in size and intensity of fluorescence of these objects was not sufficiently great or when cells were overlaying one another.

The margins of the healthy goblet cells or local flank wounds were manually outlined with the Freehand selection tool in Fiji (see Supplementary Figure 1) after visualisation in the red or brightfield channel, respectively, and their dynamic position changes occurring during the movies were iterated by adding multiple manual annotations at different time frames.

Numbers of pre-neoplastic cells and tnfα-expressing macrophages were manually quantified from single confocal images in a pre-defined region/field of view (660 μm × 310 μm) of the flank above the cloaca of each larva.




Statistical Analysis

Statistical analyses and graph generation were performed using GraphPad Prism 8. Data were confirmed to be normally distributed via D’Agostino-Pearson omnibus or Shapiro-Wilk tests prior to further comparisons. When the data was normally distributed, Student’s unpaired two-tailed T-test or ordinary one-way ANOVA with Tukey’s multiple comparison post-test were used to compare two groups or more than two groups, respectively. For non-normally distributed data, Mann-Whitney test or Kruskal-Wallis with Dunn’s multiple comparison post-test were used for comparison between two groups or more than two groups, respectively. Fisher’s exact test was used in the analysis of contingency tables to compare proportions between two groups. In column scatter plots, each dot represents one fish, except for those representing interaction time, velocity or directionality ratio where each small dot represents one cell and larger dots are the mean from one fish. In XY graphs, each dot represents the mean of all fish. In all graphs, which are representative of three independent experiments, the mean is used to calculate the average (horizontal bar), SEM (errors bars) and p-value. Statistical significance is indicated on graphs using standard conventions, as follows: n.s., non-significant, p > 0.05; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ****p < 0.0001. The number of fish or cells/fish used in the experiments is indicated for each graph in the figures.
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Melatonin Regulates the Neurotransmitter Secretion Disorder Induced by Caffeine Through the Microbiota-Gut-Brain Axis in Zebrafish (Danio rerio)
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Melatonin has been widely used as a “probiotic agent” capable of producing strong neurotransmitter secretion regulatory effects, and the microbiota-gut-brain axis-related studies have also highlighted the role of the gut microbiota in neuromodulation. In the present study, a zebrafish neural hyperactivity model was established using caffeine induction to explore the regulatory effects of melatonin and probiotic on neurotransmitter secretion disorder in zebrafish. Disorders of brain neurotransmitter secretion (dopamine, γ-aminobutyric acid, and 5-hydroxytryptamine) caused by caffeine were improved after interference treatment with melatonin or probiotic. Shotgun metagenomic sequencing demonstrated that the melatonin-treated zebrafish gradually restored their normal intestinal microbiota and metabolic pathways. Germ-free (GF) zebrafish were used to verify the essential role of intestinal microbes in the regulation of neurotransmitter secretion. The results of the neurotransmitter and short-chain fatty acid determination revealed that the effect on the zebrafish in the GF group could not achieve that on the zebrafish in the melatonin group after adding the same dose of melatonin. The present research revealed the potential mode of action of melatonin through the microbiota-gut-brain axis to regulate the disruption of neurotransmitter secretion, supporting the future development of psychotropic drugs targeting the intestinal microbiota.
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INTRODUCTION

A good mental state, which is closely related to the level of neurotransmitter production, is indispensable for optimal human health. Caffeine is a neuroactive substance, but excessive caffeine can affect the activity of neurotransmitters (Owolabi et al., 2017). Such as down-regulating the γ-aminobutyric acid (γ-GABA) type A receptor and dopamine (DA) pathway in the hypothalamus, causing sleep disorders and increasing motor activity (Alasmari, 2020). While the cerebral neurotransmitter dysfunction can often trigger a variety of diseases, including sleep disorders, endocrine dysfunction, neurasthenia, decreased immune function and damaging health, and even causing diseases (Knutson et al., 2007; Spaeth et al., 2013). Melatonin, known as the physiological hypnagogue, is an indolyl neuroendocrine molecule secreted by the pineal gland that plays a vital role in maintaining mental health (Claustrat and Leston, 2015). Melatonin and its receptors are widely distributed in the gastrointestinal tract, with the amount of melatonin in the intestine being an estimated 400 times greater than that in the pineal gland and 10–100 times greater than that in the plasma (Bubenik, 2001; Dubocovich and Markowska, 2005). As an endogenous synchronizing factor of the circadian clock, melatonin can regulate the formation and release of neurotransmitters, such as 5-hydroxytryptamine (5-HT), γ-GABA, and DA (Acuna-Castroviejo et al., 1995; Bartell et al., 2007; Williams, 2018). Therefore, it plays a role in regulating sleep-wake biorhythm, sedation, and hypnosis via interaction on specific receptors (Keijzer et al., 2014; Gandhi et al., 2015). Present studies have indicated that melatonin is closely associated with anxiety, depression, schizophrenia, phobia, and other mental diseases (Slats et al., 2013; Bassani et al., 2014). Melatonin plays a beneficial role in intestinal dynamics and intestinal immunity, and the abundance of some butyrate-producing bacteria was positively correlated with the level of melatonin expression (Wang et al., 2021). Furthermore, melatonin can regulate the gut microbiome in mice, improve metabolic disorders (Yin et al., 2018) and reverse the effects of sleep deprivation on the intestinal microbiome in mice (Gao et al., 2019). Similarly, on the one hand, gut microbiome and its metabolites (short-chain fatty acids, SCFAs) can influence the expression of central and hepatic biological clock genes and regulate the composition of the organism through circadian transcription factors in the intestinal epithelium (Matenchuk et al., 2020). Lack of sleep, on the other hand, affects the gut microbiome by affecting food intake and reducing physical activity. The gut microbiome affects sleep by modulating serotonin (melatonin precursor) or immune pathways (O’Mahony et al., 2015; Yano et al., 2015). The interaction between the intestinal microbiota and central nervous system (CNS) at the level of specific nerves, hormones, and immunity is referred to as the microbiota-gut-brain axis (Cryan and O’Mahony, 2011). Clinical studies have indicated that there may be multiple means of communication between the brain and gut through the immune system, vagus nerves, or microbial regulation of neuroactive compounds (Strandwitz, 2018). Regarding the latter, intestinal bacteria produce SCFAs and synthesize many hormones and brain neurotransmitters, thereby impacting brain function and host behavior (Strandwitz, 2018). Investigations using probiotics provide further evidence of microbial interactions with the microbiota-gut-brain axis. Studies have shown that probiotics alter neurotransmitter secretion in the brain through the intestinal microbiota, thereby affecting the host’s mental state. For example, certain Lactobacillus species play an active role in modulating depression and stress-related behaviors. Research has indicated that probiotic Bifidobacterium may regulate the secretion of sex hormones in polycystic ovary syndrome patients through manipulating the intestinal microbiome (Bravo et al., 2011; Zhang et al., 2019). The beneficial effects of probiotics in relieving neurological diseases also suggest a role for the microbiota in these diseases.

Zebrafish (Danio rerio) is a highly regarded vertebrate model system with multiple unique advantages. It has a conserved nervous system structure and the vibrant behavior pattern of vertebrates, which have been studied as a model for several neurological diseases, including Alzheimer’s disease, Parkinson’s disease, and other neurological diseases (Kalueff et al., 2014). The microbiota structure of its gut is relatively simple, which is easier than in mammals to clearly explain the relevant mechanism in the analysis of the microbiota-gut-brain axis (de Abreu et al., 2019).

Since melatonin mitigates the effects on multiple neurological diseases, microbiota-gut-brain axis-related studies have also highlighted the role of the gut microbiota in neuromodulation. We hypothesized that the intestinal microbiota plays an important role in the improvement of neurotransmitter secretion disorders via melatonin. Additionally, we tested whether probiotics, which regulated the structure and metabolism of the intestinal microbiota, had the same effect as melatonin. To address these questions, we constructed a model of neural hyperactivity in zebrafish and modified this disorder by exogenous melatonin and probiotic administration. We utilized metagenomic approach to assess how exogenous melatonin and probiotics improve the neurotransmitter secretion disorder of zebrafish by adjusting the intestinal microbiota, which enabled us to better understand their roles in regulating neurotransmitter secretion disorders (Figure 1A). Moreover, germ-free (GF) zebrafish were also used to verify the important role of the gut microbiota in the regulation of neurotransmitter secretion disorders by melatonin. In the present research, we identified the potential mode of action through the microbiota-gut-brain axis to regulate the disruption of neurotransmitter secretion, laying a foundation for exploring the prevention and treatment of some neuropsychiatric disorders by improving the intestinal microbiota.
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FIGURE 1. Experimental design and the effects of neural hyperactivity on the levels of neurotransmitters (DA, γ-GABA, and 5-HT) in the zebrafish brain. (A) Experimental design. In the main experiment, the fish were divided into four groups. The control group was treated with normal feed and regular filtered water throughout the experiment. The caffeine, melatonin, and probiotic groups were subjected to two consecutive days of caffeine exposure and then maintained under the corresponding conditions (caffeine group: normal feed + regular filtered water, melatonin group: normal feed + filtered water with 1 μM melatonin, probiotic group: feed containing 8.0 log10 Lactobacillus plantarum HNU082/g of feed + regular filtered water). On days 1 and 14 after caffeine induction, the brain and intestine of each zebrafish were collected for neurotransmitter level determination and high-throughput sequencing, respectively. For the verification experiment, the study added the GF zebrafish groups, and the experimental design and feed conditions were the same as the main experiment. (B) Effects of neural hyperactivity on the levels of neurotransmitters (DA, γ-GABA, 5-HT) in the zebrafish brain; the variation in the secretion levels of neurotransmitters in response to melatonin and probiotic supplementation were determined by ELISA. Mann-Whitney test was used to assess the differences in neurotransmitter levels in the zebrafish brain on days 1 and 14. *p < 0.05 compared with the control group. #p < 0.05 compared with the caffeine group.




MATERIALS AND METHODS


Experimental Design

In experiment 1, fish were equally distributed into 24 glass tanks (15 fish/tank) after 14 days of acclimation, each containing 5 L of water. Then, tanks were randomly assigned to four groups to experiment (Figure 1A): (1) control group: normal feed, regular filtered water; (2) caffeine group: 200 μM caffeine was added to the water for two consecutive days to alter zebrafish activity. Thereafter the zebrafish were maintained conventionally with standard feed and regular filter water; (3) melatonin group: 200 μM caffeine was used for two consecutive days to change zebrafish activity, and then the fish were fed regularly, but the water was replaced with filtered water containing 1 μM melatonin (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China), melatonin powder was dissolved in anhydrous ethanol to 100 mM and eventually diluted to a final concentration of 1 μM); and (4) probiotic group: zebrafish were treated with 200 μM caffeine for two consecutive days to change the activity of fish. Then they were maintained in regular filtered water Lactobacillus plantarum HNU082 cells were pelleted by centrifugation and resuspended in 50 μL of saline, which was mixed with feed at 8.0 log10 CFU/g diet (Ma et al., 2020). Unconsumed food, feces, and dead fish were removed on time, and the corresponding fresh filtered water was replaced in each tank every day; the water for the melatonin group was replaced with filtered water containing 1 μM melatonin to maintain the constant melatonin concentration, while the water for the other three groups was replaced with regular filtered water.

To verify the critical role of the intestinal microbiota in the secretion of related neurotransmitters, GF zebrafish were also studied (Figure 1A). The zebrafish were purchased from the China Zebrafish Resource Center (CZRC), and the GF zebrafish model was established as previously reported (Ding et al., 2018). Considering that the effects of neurotransmitter regulation were best in the melatonin-treated fish, we used only four groups, the control, caffeine, GF, and melatonin groups. The rearing and treatment conditions of the control, caffeine, and melatonin groups were the same as those in the experiment above. Two-day caffeine induction was conducted, and melatonin supplementation was performed for 14 days, as in the other treatment groups. Water and feed were sterilized by irradiation with ultraviolet radiation in advance. On days 1 and 14 after 2-day caffeine induction in experiment 2, the mean static time of the fish school in 5 min under night-time dark conditions in the control, caffeine, melatonin, and GF groups were observed and recorded same as the first experiment.



Zebrafish Maintenance and Feeding

Adult zebrafish (including male and female adults, 3 months old, average body length 3.2 ± 0.1 cm) obtained from the CZRC were maintained in the aquatic experimental animal facility of the College of Food Science and Engineering, Hainan University. The experimental and animal care procedures were conducted following the recommendations of the Ethics Committee of Hainan University. All fish were housed for 14 days in 50 L tanks supplied with aerated and dechlorinated tap water to acclimate to the laboratory conditions before experiments. The acclimation period and experiments were performed at a temperature of 28 ± 0.5°C and with a 14 h light/10 h dark cycle according to the standards of zebrafish care. The water was changed and the fish tank was cleaned every morning. Commercial fodder (Sanyou Chuangmei, China) was provided once daily at a fixed time, which was administered by 3% of the total weight of the fish in each tank. Dead zebrafish were removed promptly, and the cumulative mortality did not exceed 2% throughout the acclimation period. For the GF group, whole tanks were kept in the clean bench ventilated with filtered sterile air to maintain germ-free conditions until the end of the experiment. Sterile food was performed through ultraviolet sterilization. Water was treated by the filter-sterilized system and irradiated overnight with ultraviolet in the clean bench to keep sterilize and ensured that the temperature was maintained at room temperature during morning transfer.



Sample Collection for 16S rRNA and Shotgun Metagenomic Sequencing, SCFAs Determination, and ELISA

Several zebrafish were randomly selected from each group on days 1, 3, 7, and day 14 following the 2-day caffeine induction. Fish were euthanized promptly by an ice water bath, and dissection was conducted vice the anus with an aseptic scalpel after the body was sterilized with 75% alcohol. The entire intestine from the esophagus to the anus was collected, and three fish were pooled as a sample, taking a total of 6 replicates in each group for DNA extraction and a total of 3 replicates in each group for short-chain fatty acid (SCFA) determination. After centrifugation at 13,198 × g for 20 min at 4°C, the head supernatants were subsequently collected and stored at −80°C for ELISA. In the verification experiment, another three were collected as a sample, with a total of three replicates in each group, to conduct gene expression analysis by real-time PCR.



SCFAs Analysis

The fatty acid concentrations in zebrafish intestines were quantified by a gas chromatography-mass spectrometry (GC-MS) assay (Wei et al., 2015). Sample preparation were prepared according to the method of Ma et al. (2020). 2 mL of H2SO4 (0.5 mol/L) was added after the samples were weighed. Then, they were extracted by ultrasonic shaking (40°C, 35 kHz) for 30 min. After that, 1 mL of diethyl ether was added and the samples were kept at 4°C for 5 min and centrifuged (12,000 × g, 5 min). Finally, 100 μL of acetone was added for GC-MS analysis after diethyl ether was removed. An Agilent 7890B gas chromatograph equipped with a mass spectrometer (Agilent 5977A, Agilent, Santa Clara, CA, United States) was used to analyze samples, and an HP-5 MS column (30 m × 0.25 mm, 0.25 μm, Agilent, Santa Clara, CA, United States) was employed to achieve separation. The oven program was as follows: 50°C for 1 min, rise to 200°C at a rate of 10°C/min, held at 200°C for 5 min, rise to 220°C at a rate of 5°C/min, held at 220°C for 10 min, rise to 250°C at 15°C/min, and held at 250°C for 10 min. The temperature of the inlet was held at 250°C, and the mass range was scanned from m/z 35 to 400. The temperature of the ion source chamber and the transfer line were set at 230 and 250°C, respectively, with an electron energy of 70 eV.



Enzyme-Linked Immunosorbent Assay (ELISA)

After the samples were thawed, they were used for assessment by ELISA kits (Shanghai Xin Yu Biotech Co., Ltd., Shanghai, China) according to the manufacturer’s instructions. The concentrations of DA, γ-GABA, and 5-HT in tissue were calculated based on the optical absorbance value at 450 nm (OD450) determined by a microplate reader (SpectraMax M2, MD, Shanghai, China). All samples were tested three times and the average was taken as the result.



Real-Time PCR for Gene Expression Analysis

The total RNA was isolated according to the manufacturer’s instructions. A High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, United States) was used to conduct cDNA synthesis with the entire isolated RNA following the instructions. Real-time PCR was performed to determine the mRNA levels of the genes. The PCR mixtures (20 μl) contained 10 μl of SYBR green mix (TAKARA, Japan), 0.2 μM each forward and reverse primer and, 1 μl of cDNA. The primers used refer to the preparation of previous studies (Borrelli et al., 2016; Ding et al., 2018; Teng et al., 2018; Moriya et al., 2019). A StepOne Plus System (Applied Biosystems) was used to conduct the real-time PCR under the condition of 10 min at 95°C, followed by 40 cycles at 95°C for 15 s and 1 min at 60°C, and ended by a dissociation step. StepOne Plus software was used to analyze of the results. The relative mRNA levels of genes were quantified according to the 2–Δ Δ Ct method (Livak and Schmittgen, 2001). Details of the primers were given in Supplementary Table 1.



DNA Extraction From Zebrafish Intestine Tissues and 16S Ribosomal RNA Gene Sequencing

Genomic DNA of zebrafish intestine was extracted using a QIAamp® DNA Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The quality of all isolated DNA was assessed by A260/A280 using a NanoDrop instrument. Qualified DNA was preserved at −20°C for subsequent analysis. The PCR amplification procedure was conducted as previously described (Dethlefsen and Relman, 2011). A set of 6-nucleotide barcodes was added to the specific primers 338F and 806R to amplify the 16S rRNA V3-V4 region of the genomic DNA (Ma et al., 2020). Details of the primers were given in Supplementary Table 1. An Agilent DNA 1000 kit combined with an Agilent 2100 Biologic Analyzer (Agilent Technologies, United States) was used to quantify the PCR products. Sequencing was performed using the Illumina MiSeq high-throughput sequencing platform by Shanghai Personal-Bio Corporation.



Shotgun Metagenomic Sequencing and Quality Control

The zebrafish samples on day 14 (n = 20, 5 samples each group) were subjected to shotgun metagenomic sequencing by using an Illumina HiSeq 2500 instrument. Libraries were prepared with a fragment length of approximately 300 bp. Paired-end reads were generated using 100 bp in the forward and reverse directions. The reads were trimmed using Sickle and subsequently aligned to the zebrafish genome to remove the host DNA fragments (Zhang et al., 2020).



Functional Annotation and Metabolic Pathway Analysis

The annotated amino acid sequences were aligned against the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases using BLASTp (e ≤ 1e-5 with a bit-score higher than 60). The annotated sequences were assigned to the KEGG ortholog group (KO) according to the highest score. Reporter Z-scores were calculated to reveal the differences in enriched metabolic pathways between the control and PCOS groups, as previously described. Accordingly, a reporter score of > 2.3 (90% confidence according to the normal distribution) was used as a detection threshold to significantly differentiate between pathways (Qin et al., 2014).



Bioinformatic Analyses and Statistical Analyses for Figure Construction

A quality-control procedure was performed for the raw pair-end reads; bioinformatics analysis of high-quality sequence data was conducted after removal of primer and barcode sequences by using the QIIME platform (Caporaso et al., 2010b). PyNAST (Caporaso et al., 2010a) was used to align the trimmed sequences, and those under 100% sequence identity were clustered using UCLUST (Edgar, 2010) to obtain a unique V3-V4 sequence set. On this basis, operational taxonomic units (OTUs) were clustered at a threshold level of 97% sequence identity, and the sequences with the highest frequency were selected as the representative sequences of OTUs. After ChimeraSlayer (Haas et al., 2011) was employed to remove the potentially chimeric sequences in the representative set of OTUs, a representative sequence of each OTU was assigned to a taxonomic level by Ribosomal Database Project (RDP) (Cole et al., 2007). A phylogenetic tree of OTUs was constructed by using Fast Tree (Price et al., 2009), and the alpha and beta diversity of bacterial communities were analyzed on this basis. The sequence data reported in this paper have been deposited in the NCBI database (metagenomic data: PRJNA543612).

Relatedness analysis was conducted with R Software. Boxplot based on weighted and unweighted UniFrac distance was established using the ggplot2 package. Principal component analysis (PCA) was carried out by the ggord package, and the PHEATMAP package was used for cluster analysis and heatmap construction. Correlation analysis was calculated by using Spearman’s rank correlation coefficient and visualized as a network by Cytoscape. Statistical significance was analyzed with Mann-Whitney test or T-test. Data were presented as the means ± SEMs; a two-sided test was conducted, and p < 0.05 was considered statistically significant. All statistical analyses were performed by GraphPad Prism (version 8) and R (version 3.6.1).



RESULTS


Alteration of Neurotransmitters in the Zebrafish Brain

To investigate the effects of different treatments on neurotransmitter secretion, the levels of neural hyperactivity-related neurotransmitters in each group were determined (Figure 1B). On day 1, the concentration of DA increased significantly in the caffeine, melatonin, and probiotic groups, and γ-GABA concentrations decreased significantly. The concentration of 5-HT was significantly decreased in the caffeine and melatonin groups. There was also a decrease in the probiotic group although there was no significant difference. The imbalance indicated that caffeine had successfully induced neurotransmitter secretion disorders in the zebrafish brain. After 14 days of treatment in different experimental groups, the level of the neurotransmitters in each group changed. In the caffeine group, the concentrations of the three neurotransmitters were not well recovered and remained significantly different from the control group. On the contrary, the concentrations of γ-GABA and 5-HT were increased, and DA was decreased in the melatonin group. The concentrations of all three neurotransmitters were restored to the levels of the control group. Interestingly, the concentrations of γ-GABA and 5-HT were even significantly higher than those in the caffeine group. In the probiotic group, the concentration of γ-GABA was significantly higher than in the caffeine group, although still lower than in the control group. The concentration of 5-HT was elevated and significantly higher than in the caffeine group. While the concentration of DA was somewhat reduced, although there was still a significant difference compared to the control group.



Effects of Different Treatments on Altered Zebrafish Intestinal Microbiota

The distance based on unweighted UniFrac in Figure 2A showed that the distances between the three treatment groups and the control group remained at similar levels after the caffeine interference. After 14 days of treatment, the similarity between the melatonin and control groups was significantly higher than that of the caffeine group, although there was no significant difference in the weighted UniFrac distance (Supplementary Figure 1). PCA presented in Supplementary Figure 2 also demonstrated that the points representing caffeine, melatonin, and probiotic groups were highly disordered but different from the control group on day 1, which indicated that the intestinal microbiota of zebrafish was disturbed by caffeine. After 14 days of corresponding treatment, the microbial community structure in each treatment group was like that in the control group after 14 days of treatment, the melatonin group had the highest similarity with the control group, followed by the probiotic and caffeine groups. Taken together, these data suggested that caffeine induction results in some destabilization in the zebrafish microbial community, while melatonin and probiotic supplementation were able to draw closer the similarity between the treatment and control groups.
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FIGURE 2. Comparison of similarities and core genera between groups. (A) The distance based on the unweighted UniFrac between the control and three different treatment groups displays the difference of the gut microbiota among different groups on days 1, 3, 7, and 14, which include control vs. caffeine, control vs. melatonin, and control vs. probiotic. (B) Comparative analysis of core genera accounting for more than 1% in the control, caffeine, melatonin, and probiotic groups after 14 days of corresponding treatment. The percentage indicates the relative abundance of the corresponding genus. The size and color of the circle are proportional to the correlation intensity. The redder the color, the stronger the negative correlation, and the bluer the color, the stronger the positive correlation.


Based on the high-throughput 16S rRNA sequencing data, the effects of different treatments on the gut microbiota of zebrafish were evaluated, and the alpha diversity of the zebrafish intestinal microbiota in different groups were compared on days 1 and 14 (Supplementary Tables 2, 3). On the first day, there was no significant difference among the groups. After 14 days of equal treatment, the Chao1, ACE, Shannon, and Simpson indices in the caffeine group were significantly higher than those in the control group. Moreover, supplementation with melatonin slightly decreased intestinal microbial diversity compared with that in the caffeine group, while that in the probiotic group remained at a high level. Since different treatments had specific effects on the intestinal microbiota of zebrafish, we next selected the core genera accounting for more than 1% in each group after 14 days of treatment for comparative analysis (Figure 2B). Of the seven core microbes in the control group, five genera were identical to the melatonin and probiotic groups, while only three genera were identical to the caffeine group in the control group. This result implied that melatonin and probiotic can regulate the core microbiota of the zebrafish gut to some extent and toward the control group.

Accordingly, we identified the differential genera among the three treatment groups (the caffeine group, the probiotic group, and the melatonin group) compared with the control group on day 1 (Figure 3A) and day 14 (Figure 3B). On day 1, there were a certain number of different genera in three treatment groups compared with the control group. The abundance of genera such as Mycoplasmatacea, Bacillus, and Arthrobacter decreased significantly, while Aeromonadaceae and Shewanella increased significantly. After 14 days of different treatments, the relative abundance of Shewanella decreased significantly in all three groups. The difference of Aeromonadaceae between the melatonin group and the control group disappeared. However, its relative abundance in the caffeine group and the probiotic group was still significantly higher than that in the control group. More importantly, the number of differential genera was reduced in the melatonin group and the probiotic group, compared with the control group. These results suggested that melatonin supplementation gradually modified the difference of intestinal genera in zebrafish induced by caffeine. Collectively, caffeine induction results in some destabilization in the zebrafish microbial community, while melatonin and probiotic supplementation regulated this effect.
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FIGURE 3. Screening of differential genera in the caffeine group, melatonin group, and probiotic group compared with the control group on days 1 and 14. (A) The significant difference genera were screened in the caffeine group, melatonin group, and probiotic group compared with the control group on day 1. (B) The significant difference genera were screened in the caffeine group, melatonin group, and probiotic group compared with the control group on day 14. The depth degree of color represents the relative abundance of the genus or species (The blue indicates a small number and the red indicates a large number). Mann-Whitney test was used on days 1 and 14.




Functional Features of the Intestinal Microbiota in Different Treatments

To investigate how caffeine interference and the supplementation of melatonin and probiotic effect metabolic pathways by regulating intestinal microbiota, we performed shotgun metagenomic sequencing for samples collected on day 14 (n = 20). We annotated the assembled genes and compared with KEGG database to further annotate the microbial metabolic pathways. The Z score >1.6 represented the significant differences. The results showed that different treatments significantly altered the metabolism of zebrafish intestinal microbiota (Figure 4 and Supplementary Figure 3). Compared with normal zebrafish, arginine and proline metabolism (ko00330), glyoxylate and dicarboxylate metabolism (ko00630), propanoate metabolism (ko00640), butanoate metabolism (ko00650), and biotin metabolism (ko00780) were enriched in the caffeine group. Glycolysis/gluconeogenesis (ko00010), citrate cycle (ko00020), fructose and mannose metabolism (ko00051), lipopolysaccharide biosynthesis (ko00540), pyruvate metabolism (ko00620), thiamine metabolism (ko00730), and phosphotransferase system (ko02060) were enriched in the control group. Collectively, the caffeine induction, melatonin and probiotic supplementation markedly altered the metabolism of the zebrafish gut microbiota.
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FIGURE 4. Differential functional features of the zebrafish intestinal microbiota in the caffeine, melatonin, probiotic, and control groups after 14 days of corresponding treatment. Metabolic pathway analysis was performed based on the shotgun metagenomic sequencing data, which were compared with the KEGG database to further explain the microbial metabolic pathways. (A) Metabolic pathway relative abundance. (B) Microbial metabolic pathway analysis between Caffeine and Melatonin group on day 14, Z scores >1.6 were selected as significant differences.




Verification Experiment Through a GF Zebrafish Model

To verify that the gut microbiota played an essential role in the function of melatonin, a GF zebrafish model was used. Considering that the effects of neurotransmitter regulation were best in the melatonin group (Supplementary Figure 4B, up panel), we only retained four groups: the control, caffeine, GF, and melatonin groups. Compared with the results of the control group, the caffeine interference increased the hyperactivity and decreased the rest time of the zebrafish. Moreover, after adding the same dose of melatonin, the rest time which could reflect brain activity was significantly different between the GF and melatonin groups (Supplementary Figure 4B, bottom panel), a better effect was observed in the melatonin group. However, we did not observe any significant difference in the phenotype including body weight and body length among different groups (Supplementary Figures 4A,C). Correspondingly, the neurotransmitter secretions γ-GABA, 5-HT, DA, and their related synthetic genes were also found to be different (Figures 5A–C). This confirmed the primary mediate role of the intestinal microbiota in the efficacy of melatonin. Notably, from both two experiments, we observed the disorders of brain neurotransmitter secretion caused by caffeine, including that of DA, γ-GABA, and 5-HT, were improved after interference treatment with melatonin. However, some discrepancies in the specific value of the same group were observed between the 2 experiments because of the zebrafish individual heterogeneity. Furthermore, 4 zebrafish genes related to the secretion of γ-GABA, 5-HT, and DA were selected for gene expression analysis (PINK1, corresponding to DA; trh, corresponding to γ-GABA; and tph2 and mao, corresponding 5-HT) showing high consistency with the results of zebrafish rest time, as shown in Figure 5C.
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FIGURE 5. Correlation analysis of neurotransmitter levels in validation experiments. (A) Further verification was performed using germ-free zebrafish, and the levels of neurotransmitters in the zebrafish brain, including DA, γ-GABA, and 5-HT, were detected on days 1 and 14 among the control, caffeine, GF, and melatonin groups. (B) GC-MS analysis of intestinal acetic acid and propionic acid concentrations in zebrafish and contents are expressed as nanograms per gram of intestine. (C) The zebrafish genes associated with DA (PINK1), γ-GABA (trh), and 5-HT (tph2 and mao) secretion were selected and subjected to real-time PCR analysis.


To better explain the role by which the intestine microbiota function in the process of melatonin regulation of neurotransmitter secretion disorders, we also determined the contents of metabolites in the gut of zebrafish. Since GF zebrafish had almost no intestinal microbiota, while the SCFAs were mainly produced by colonic anaerobic fermentation of undigested carbohydrates, SCFAs were not detected in the GF group here. Results showed that the contents of acetic acid and propionic acid in the intestine of zebrafish in the caffeine and melatonin groups decreased significantly after the treatment with caffeine, while the contents increased remarkably after melatonin treatment, resulting in levels that were obviously higher than those in the caffeine group (Figure 5B).



Melatonin Regulated Neurotransmitter Secretion Disorders Through the Microbiota-Gut-Brain Axis

Through the verification experiment, we highlighted the importance of intestinal microbiota in the melatonin-induced neurotransmitter regulation effects. Based on the Spearman’s rank correlation coefficient, we constructed a network of the correlations among melatonin, genera, metabolic pathways, SCFAs, and neurotransmitters. As shown in Figure 6, supplementation with melatonin inhibited the growth of Shewanella, Deefgea, and Enterobacteriaceae in the zebrafish gut, which were negatively correlated with propanoate metabolism, butanoate metabolism, and phosphotransferase system, whereas a negative correlation was observed between Aeromonadaceae and Rhizobiales and melatonin. Additionally, it was found that melatonin supplementation elevated the levels of acetic acid and propionic acid, representing SCFAs, in the intestine, and the generated SCFAs further stimulated the secretion of neurotransmitters in the brain of zebrafish, accompanied by decreased levels of DA and elevated levels of γ-GABA and 5-HT, which indicated that melatonin could regulate the disorder of neurotransmitter secretion through the microbial-gut-brain axis.
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FIGURE 6. Correlation network analysis. The correlation network constructed among melatonin, differentially abundant genera, metabolic pathways, SCFAs, and neurotransmitters (including DA, γ-GABA, and 5-HT) based on Spearman’s rank correlation coefficient. An R< -0.4 or > 0.4 was selected. The width and color (the red indicates a positive correlation, while the blue indicates a negative correlation) of the edge are proportional to the correlation intensity. The red node represents melatonin, blue nodes represent genera, orange nodes represent metabolic pathways, green nodes represent SCFAs, and yellow nodes represent neurotransmitters. The node size is proportional to the mean abundance in the respective population.




DISCUSSION

In addition to the variation in the levels of neurotransmitters, the structure of the zebrafish gut microbiota of zebrafish was disordered after caffeine induction. After 14 days of treatment, the intestinal microbiota in the various groups gradually recovered, among which the similarity of the melatonin group and control group microbiota was the highest, while the caffeine group microbiota still had a large difference. Interestingly, Aeromonas has been shown to be associated with bacterial septicemia and other bacterial fish diseases (Qin et al., 2017; Wu et al., 2018). The abundance of Aeromonadaceae in the melatonin group decreased significantly after 14 days of treatment and the difference between it and the control group disappeared. However, its relative abundance in the caffeine and probiotic groups remained significantly higher than in the control group. Overall, melatonin supplementation may restore the original intestinal microbiota structure to a great extent. We also observed some genus, amino acid metabolism, carbohydrate metabolism, cofactor and vitamin metabolism, and membrane transport changed significantly in different groups. Current research has indicated that SCFAs are implicated in a range of neuropsychiatric disorders, with the ability to cross the blood-brain barrier and are critical substances that connect the intestine to the central nervous system (Dalile et al., 2019). The metabolites of SCFAs, such as propanoate and butanoate, were found to be stimulated during self-healing to restore the neurotransmitter secretion levels in the caffeine group. Previous studies have shown that SCFAs can promote the production of colonic 5-HT through their effects on enterochromaffin cells (Reigstad et al., 2015), especially propanoate, which has been shown to alter the DA, 5-HT, and γ-GABA systems (El-Ansary et al., 2012). Furthermore, 5-HT activates the vagus nerve. Additionally, 5-HT is the precursor of melatonin, which may be a means to connect the brain to the intestinal microbes. Nevertheless, the SCFA metabolism in the melatonin and probiotic groups was significantly lower than that in the caffeine group. We hypothesized that supplementation might promote the production of SCFAs during neural hyperactivity regulation, which accelerates the recovery of neurotransmitter secretion in the brain and gradually regulates the hyperactive state. Therefore, the metabolism of SCFAs gradually tended toward normal in the melatonin and probiotic groups.

GF animals were used to verify whether gut microbes actually play a real role in the recovery of brain neurotransmitter secretion. This is a valid and frequently used in vivo experimental model for studies on the host gut microbiota in health and various diseases, such as cancer (Pollard and Sharon, 1974), cardiovascular (Wang et al., 2011) and metabolic diseases (Nicholson et al., 2012). As the importance of the microbiota-gut-brain axis in brain development has gradually been confirmed, GF animals have gradually become an accepted model for microbiota-gut-brain axis studies. In our validation experiment, the recovery of neurotransmitters in the GF group did not reach the level as in the melatonin group, indicating the key role of the intestinal microbiota in the regulation process of neurotransmitter secretion by melatonin. This conclusion was also reconfirmed in the subsequent real-time PCR. In order to better explain the role of intestinal microbiome in the regulation of neurotransmitter secretion, the content of SCFAs in the gut of zebrafish was determined. SCFAs have been shown to interact with G protein-coupled receptors or histone deacetylases to affect mental function (Correa et al., 2016). They can act directly or indirectly on the brain via humoral, hormonal, immune, and neural pathways (Dalile et al., 2019). The results showed that the contents of acetic acid and propionic acid decreased in the intestine of tested fish after caffeine induction, while the content increased after melatonin treatment and was higher than that in the fish school without melatonin treatment, corresponding to our previous speculation that melatonin may promote the secretion of neurotransmitters in the brain by affecting intestinal microbes and producing SCFAs.



CONCLUSION

Collectively, melatonin supplementation recovered normal homeostasis and metabolism of the gut microbiome, which promoted the production of SCFAs and ultimately accelerates the restoration of neurotransmitter secretion levels through the microbial-gut-brain axis. This study revealed the potential mode of action of melatonin through the microbiota-gut-brain axis to regulate the disruption of neurotransmitter secretion, which supported the future development of psychotropic drugs targeting the intestinal microbiota.
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The future of improved immunotherapy against cancer depends on an in-depth understanding of the dynamic interactions between the immune system and tumors. Over the past two decades, the zebrafish has served as a valuable model system to provide fresh insights into both the development of the immune system and the etiologies of many different cancers. This well-established foundation of knowledge combined with the imaging and genetic capacities of the zebrafish provides a new frontier in cancer immunology research. In this review, we provide an overview of the development of the zebrafish immune system along with a side-by-side comparison of its human counterpart. We then introduce components of the adaptive immune system with a focus on their roles in the tumor microenvironment (TME) of teleosts. In addition, we summarize zebrafish models developed for the study of cancer and adaptive immunity along with other available tools and technology afforded by this experimental system. Finally, we discuss some recent research conducted using the zebrafish to investigate adaptive immune cell-tumor interactions. Without a doubt, the zebrafish will arise as one of the driving forces to help expand the knowledge of tumor immunity and facilitate the development of improved anti-cancer immunotherapy in the foreseeable future.
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INTRODUCTION

Dr. Harold F. Dvorak wrote in 1986 that solid tumors are comprised of two discrete compartments, the malignant cells and the stroma in which they are dispersed, creating an environment that resembles a “wound that does not heal” (Dvorak, 1986). One challenge in cancer treatment–healing the “wound”–stems from the difficulty in fully understanding the mechanisms by which cancer cells escape immunosurveillance in the tumor microenvironment (TME). In recent years, immunotherapy has made revolutionary advances in our war against cancer. The successful development and application of a newer generation of cancer immunotherapy, such as immune checkpoint blockade and chimeric antigen receptor T cell (CAR-T), have led to improved outcomes in cancers including hematologic malignancies, melanoma, lymphomas, and lung cancers (Tang et al., 2017; Gong et al., 2018). Despite these progresses, immunologically “cold” tumors, encompassing a broad spectrum of solid tumors such as breast cancer, pancreatic cancer, neuroblastoma, and glioblastoma, present unique challenges for immunotherapy (Bonaventura et al., 2019). Some of the underlying causes are the lack of tumor antigens, a deficit in antigen-presenting B cells, and/or impaired trafficking of activated T cells into the TME (Bonaventura et al., 2019). For immunotherapies to become highly effective for cancers, the following challenges must be addressed: (1) enhancement of major histocompatibility complex (MHC) expression in tumor cells for sufficient presentation of tumor-associated antigens and (2) regulation of cytokines and manipulation of the TME to improve effector T-cell infiltration into “cold” tumors (Stambrook et al., 2017).

For decades, mice have represented the primary animal model and major contributor to cancer research including tumor immunity research (Callahan et al., 2014). However, this model has limitations. One major drawback is that drugs’ effectiveness and safety evaluated by pre-clinical murine models often cannot be reproduced in clinical trials (Rossa and D’Silva, 2019). This issue calls for the inclusion of additional animal models to obtain preclinical data that can be replicated in multiple systems in order to boost the success rates of clinical testing. Another drawback of the murine model is the difference in telomerase between human and mouse cells (Cheon and Orsulic, 2011). Specifically, most mouse cells have active telomerase throughout adulthood while human adult cells have largely inactive telomerase (Cheon and Orsulic, 2011). Interestingly, the zebrafish possesses human-like telomeres, which gradually decline with age, allowing its use to replicate similar genomic instabilities seen in humans (Carneiro et al., 2016). Another unique advantage of the zebrafish is that they are raised in non-sterile conditions, making them physiologically relevant to study immune responses (Iwanami et al., 2017). Coupled with their imaging capacities, the zebrafish enables real-time and non-invasive monitoring of tumor-immune cell interactions through differential fluorescent labeling of cells.

Through exhaustive comparison of the human and zebrafish genome assemblies, it was found that 82% of disease-causing human genes have at least one zebrafish ortholog (Howe et al., 2013). This level of conservation has led to the development of a wide array of cancer models in zebrafish (Casey and Stewart, 2018; Hason and Bartůněk, 2019; Casey and Stewart, 2020; Elliot, 2020). Through the years of ongoing research, the pathological similarities of cancer and preservation of the immune components have also been well established between zebrafish and humans. For instance, many oncogenic pathways are conserved in zebrafish along with similar development processes in hematopoiesis and the immune system (Traver et al., 2003; Davidson and Zon, 2004; White et al., 2013; Gore et al., 2018; Casey and Stewart, 2020). Hence, the zebrafish represents a physiologically relevant model system for tumor immunity research. Here, we summarize the suitability and unique advantages of the zebrafish in investigating adaptive tumor immunity. We also provide a few examples of early studies to demonstrate its feasibility in expanding the knowledge of this field and its great potentials in advancing cancer immunotherapy.



IN THE SAME SEA: HIGH CONSERVATION OF THE IMMUNE SYSTEM

The suitability of using the zebrafish to study tumor immunity stems from the fact that hematopoiesis and most immune components are highly conserved between humans and zebrafish, beginning from the embryonic stage into adulthood (Figure 1). Similar to humans, the zebrafish immune system is divided into two main branches: innate and adaptive. Despite some differences in the locations and timing of immune cell development, many pathways in primitive and definitive hematopoiesis, lymphocyte differentiation, along with key markers that define specific groups of immune cells are shared between zebrafish and humans (Traver et al., 2003; Iwanami, 2014; Gore et al., 2018).


[image: image]

FIGURE 1. Development of human and zebrafish immune systems. The development of the immune system starts with hematopoiesis at ∼17 dpf in humans and 12 hpf in the zebrafish, with myeloid and erythroid cells arising in the ALPM and ICM, respectively (Jagannathan-Bogdan and Zon, 2013). In humans, myeloerythroid progenitor cells seed in the yolk sac before HSCs appear in the AGM at 27 dpf (Julien et al., 2016), a stage mirrored in zebrafish with the start of definitive hematopoiesis at 30 hpf in the AGM and transition into the caudal hematopoietic tissue (Jagannathan-Bogdan and Zon, 2013). At 72 hpf, vital markers for early lymphoid progenitors are present in developing immune organs, such as the early thymus and kidney in zebrafish (Willett et al., 1999; Langenau et al., 2004; Trede et al., 2004). This corresponds roughly to the colonization of immune cells in the bone marrow and thymus in the human fetus at 10.5 wpf (Kissa et al., 2008). Notably, at 72 hpf the zebrafish emerges from the chorion and into contact with the outside environment without fully developed CD4 + /CD8 + lymphocytes, which appear later at 3 wpf (Lam et al., 2004). This is contrasted to humans, in which lymphocytes are detectable at 12–13 wpf, well before birth at 40 wpf (Tavian et al., 2010). ALPM: anterior lateral plate mesoderm; ICM: intermediate cell mass; HSC: Hematopoietic stem cells; AGM: aorta-gonad-mesonephros.



Timing of Development

The development of the immune system begins with the emergence of erythroid and myeloid lineages (Figure 1). In humans, this occurs at the Carnegie Stage (CS) 7 and 9, which correspond to 16–18.5 days post-conception (Ivanovs et al., 2017). In zebrafish, primitive macrophages appear at around 12 hours post-fertilization (hpf) (Wattrus and Zon, 2018). Interestingly, these primitive macrophages from the yolk sac follow an expedited differentiation pathway, possessing the ability to engulf pathogens and patrol the entire organism (Herbomel et al., 2001; Novoa and Figueras, 2012). A portion of these primitive macrophages will become neutrophils by 33 hpf (Harvie and Huttenlocher, 2015). During this primitive wave of development, the zebrafish expresses multiple homologous genes as mammals, including lmo2, gata1a, scl, and cul4a in the erythroid lineage and pu.1 in the myeloid lineage (Yamada et al., 2001; Dooley et al., 2005; Galloway et al., 2005; Zhu et al., 2005; Yang et al., 2019).

Lymphoid cell development follows immediately after the appearance of erythroid and myeloid cells, similar to what has been observed at CS11 or 24 days post-conception in humans (Herbomel et al., 1999; Tavian et al., 2010; Carroll and North, 2014; Ivanovs et al., 2017). Markers of lymphoid progenitors, such as rag1, rag2, lck, and ikaros, present in the respective lymphoid progenitors and lymphocytes as those observed in humans, and are all detectable at the end of the primitive wave of hematopoiesis (Willett et al., 1997; Willett et al., 2001; Langenau et al., 2004; Jing and Zon, 2011). Although lymphoblast/lymphocyte markers arise as early as 3 days post fertilization (dpf), the zebrafish still rely on the innate immune system for defense against external threats. Starting at 4 dpf, four early hematopoietic markers, c-myb, ikaros, runx2, and scl, begin to express in the kidney of the zebrafish, marking the initiation of definitive hematopoiesis in this location (Murayama et al., 2006). Meanwhile, T cells develop in the thymus at a similar time and enter circulation at around 8 dpf (Page et al., 2013). Around 20 dpf, B progenitor cells develop in the dorsal aorta and posterior cardinal vein in zebrafish (Page et al., 2013). Adaptive immunity in the form of circulating lymphocytes does not fully mature until 3 weeks post-fertilization (wpf) (Willett et al., 1999; Trede et al., 2004; Novoa and Figueras, 2012). In humans, however, this lag does not exist. At 12–13 weeks, CD4 + and CD8 + T cells mature in the thymus of the developing human fetus and start circulating throughout the body before birth (Haynes et al., 1988; Jagannathan-Bogdan and Zon, 2013).



Locations of Development

The locations in which the hematopoietic lineages develop between zebrafish and humans also differ somewhat (Figure 1). In humans, hematopoiesis begins in the yolk sac before colonization in the fetal liver and the production of hematopoietic stem cells (HSCs) in the aorta-gonad-mesonephros (AGM) region at around 27 dpf (Mikkola and Orkin, 2006; Ivanovs et al., 2017). The definitive wave of hematopoiesis that produces the adult immune system in humans occurs in the bone marrow (Wattrus and Zon, 2018). In zebrafish embryos, early hematopoiesis originates in the intermediate cell mass (ICM) for erythroid cells and the anterior lateral plate mesoderm (ALPM) for myeloid cells (Willett et al., 1999; Berman et al., 2005; Hogan et al., 2006; Jing and Zon, 2011). Similar to humans, there is a transitional period in which zebrafish hematopoiesis occurs in the AGM. Following this stage, the HSCs move to the caudal hematopoietic tissue, which functions comparably to the mammalian fetal liver. Finally, the cells move into the definitive hematopoietic organs, the thymus and kidney, from where the lymphoid cells begin to develop and later emerge (Langenau et al., 2004; Burns et al., 2005; Murayama et al., 2006). The definitive wave of hematopoiesis that produces the adult immune system occurs in the zebrafish kidney as opposed to the bone marrow in humans (Jagannathan-Bogdan and Zon, 2013; Wattrus and Zon, 2018).



Conservation of Innate and Adaptive Immunity

Like humans, the zebrafish possess two main branches of immunity with fully fledged innate and adaptive components. In addition, the fish also possess two primary lymphoid organs, the kidney marrow (equivalent to the bone marrow in mammals) and thymus which shrinks in adult fish as in humans, as well as one secondary peripheral organ, the spleen in adult fish (Wattrus and Zon, 2018). However, one difference in terms of secondary immune organs is that the zebrafish, like other teleosts, lack lymph nodes. Instead, the vast majority of interactions between antigen-presenting cells (APCs) and lymphocytes occur in the spleen (Renshaw and Trede, 2012). Fish cells also express both MHC class I and II molecules, indicating the conserved interactions between the innate and adaptive immune systems (Fischer et al., 2013).

Zebrafish harbor the same fundamental system of innate immunity with leukocytes such as the entire macrophage lineage along with granulocytes like neutrophils and eosinophils (Traver et al., 2003; Novoa and Figueras, 2012). These cells mount a similar innate immune response as seen in mammals to local infections with the expression of characteristic cytokines such as TNF-α and IL-1β, which trigger the engulfment of pathogens by macrophages (Secombes et al., 2001; Traver et al., 2003). So far, 22 putative toll-like receptors (TLRs), including orthologs of all 10 human TLRs, have been discovered in zebrafish (Kanwal et al., 2014; Li et al., 2017).

In terms of adaptive immunity, as described above, zebrafish possess functional T and B cells after 3–6 weeks of development. T cell development occurs in the thymus of larval and adult fish, while mature T cells reside in the kidney marrow of adult fish. B cell development occurs in the pronephros of larval fish and kidney marrow of adult fish (Langenau et al., 2004; Trede et al., 2004). At 3 wpf, B cells become fully mature and active, in tandem with T cells as they emerge from the thymus (Lam et al., 2004). This indicates that the immune system in zebrafish reaches a mature stage at 3–6 wpf (Lam et al., 2004). However, one key difference exists between zebrafish and human B lymphocytes: three main classes of immunoglobulins have been discovered in zebrafish (IgD, IgM, and IgZ) versus five classes in humans (IgA, IgD, IgE, IgG, and IgM) (Zimmerman et al., 2011). Nevertheless, the overall similarities in the development of zebrafish and human immune systems allow for experimental modeling of human TME in zebrafish to visualize and understand the complex interactions between immune and tumor cells.



SWIMMING TOGETHER: FISH PLAYERS IN ADAPTIVE IMMUNITY

The status of adaptive immunity activation in the TME is a key predictor of prognosis for solid tumors (Bonaventura et al., 2019). Recent research seeks to understand the complex relationship among tumor cells, immune cells, fibroblasts, and endothelial cells, which together form the tumor mass (Hanahan and Coussens, 2012). In this section, we review the role of T and B lymphocytes in the TME and advocate for the utility of the zebrafish due to its high conservation in immune and oncogenic signaling cascades.


The Innate Immune System as a Helper to Adaptive Immune Responses

Dendritic cells (DCs), macrophages, and neutrophils are the three major players in human innate immunity, all capable of infiltrating into the TME. DCs play a key role in presenting exogenous tumor antigens to activate cytotoxic CD8 + T cells for anti-tumor responses, with recent evidence indicating that the suppressive TME can dampen the anti-tumor response of DCs (Fu and Jiang, 2018). Macrophages and neutrophils have been categorized into two broadly defined groups: M1/M2 and N1/N2 (Fridlender et al., 2009). In general, M1 macrophages and N1 neutrophils are associated with TLR-mediated responses/interferon signaling and exert strong pro-inflammatory response against pathogens (Italiani and Boraschi, 2014; Murray, 2017). On the other hand, M2 macrophages and N2 neutrophils are typically linked with T regulatory cell (Tregs) responses and thus participate in cell proliferation and tissue repair (Italiani and Boraschi, 2014; Murray, 2017; Orecchioni et al., 2019; Wu et al., 2019). M1 macrophages and N1 neutrophils secrete inflammatory cytokines that can activate the adaptive immune system for anti-tumor responses (Selders et al., 2017). In contrast, M2 macrophages and N2 neutrophils secrete immunosuppressive cytokines (e.g., IL-10 and TGF-β) and further suppress the immune system by producing CCL22 to recruit Tregs (Fridlender et al., 2009; Gajewski et al., 2013). Macrophages and neutrophils can shift between the subtypes and thus impact the TME in vastly different manners. In the initial stages of tumor development, macrophages are believed to have a prominent M1 profile, characterized by NF-κB expression and capable of attacking the malignant cells (Mantovani and Sica, 2010). However, in clinically detectable tumors, the presence of tumor-associated macrophages (TAMs) predict worse patient outcomes for several types of cancer including those with breast and pancreatic origin (Bingle et al., 2002; Campbell et al., 2011; Zhang et al., 2012; Di Caro et al., 2016). Similarly, the presence of tumor-associated neutrophils (TANs) has been linked to poor prognosis across a wide range of cancers (Gentles et al., 2015). TAMs and TANs promote both tumor initiation and progression by enhancing angiogenesis, suppressing anti-tumor immunity, and facilitating the migration and invasion of tumor cells (Qian and Pollard, 2010; Argyle and Kitamura, 2018; Wu et al., 2019). TAMs are generally believed to possess a M2 profile due to their low expression of MHC class II (MHC-II) which reduces the adaptive immune response and increases production of angiogenesis-promoting elements such as vascular endothelial growth factors (Mantovani et al., 2006; Mantovani and Sica, 2010).

Dendritic cells, macrophages, and neutrophils have all been identified and characterized in zebrafish. Histochemical and ultrastructural analyses confirmed that zebrafish DCs possess the same morphological features and key canonical activities such as antigen-presentation to T cells as its mammalian counterpart (Lugo-Villarino et al., 2010). Because the expression of macrophage expressed gene 1 (mpeg1) is tightly restricted to macrophages in humans, transgenic lines, which express the fluorescent reporter genes under the promoter of mpeg1, have been developed to study macrophage-like cells in zebrafish (Ellett et al., 2011). For instance, the Tg(mpeg1:mCherry) line was crossed to the transgenic line driving eGFP expression under the tumor necrosis factor-alpha promoter to identify and visually track M1 (mCherry+; eGFP+) and M2 (mCherry+; eGFP-) macrophages in zebrafish (Nguyen-Chi et al., 2015). Moreover, upon induced inflammation through fin-wounding, tumor transplantation, or Escherichia coli inoculation, zebrafish M1 and M2 macrophages recapitulate the activation and gene expression patterns as established in higher vertebrates (Nguyen-Chi et al., 2015; Sanderson et al., 2015; Hasegawa et al., 2017; Nguyen-Chi et al., 2017; Tsarouchas et al., 2018). Similar to what is observed in humans, zebrafish neutrophils possess polymorphic nuclei, granules, and myeloid-specific peroxidase coupled with NADPH oxidase (Lieschke et al., 2001; Henry et al., 2013). Taken together, the presence of DCs, macrophages, and neutrophils in zebrafish and their similarities to humans make the zebrafish suitable to study innate immunity and their interactions with adaptive immune cells in the TME.



T Lymphocytes

T lymphocytes are the major players in tumor immunity and include different subtypes characterized by their respective functions. Cytotoxic CD8 + T cells have become one of the most studied subtypes due to the recent success in checkpoint blockade therapies targeting CTLA-4 and PD-L1 signaling pathways (Gong et al., 2018). The anti-tumor response of CD8+T cells is canonically supported by CD4+Th1 helper cells (Ostroumov et al., 2018). Additionally, the TME also harbors other subtypes of CD4 + T lymphocytes, including Th2, Th17, and CD4 + /Foxp3 + Tregs that aid in immune evasion in most tumors (Speiser et al., 2016). T lymphocyte profiles within the TME of solid tumors vary greatly among patients. The ratio of one subtype versus another can predict treatment outcome and rates of disease relapse (Fridman et al., 2012). With similar subtypes and functions of T lymphocytes (Zhang and Wiest, 2016; Bajoghli et al., 2019), the zebrafish represents a useful model to facilitate understanding of the interplay among T lymphocyte subtypes within the TME. Translating this knowledge to the bedside can help improve immunotherapy and patient prognosis.


Cytotoxic CD8 + T Cells

Cytotoxic CD8 + T cells are derived from the αβ lineage of T-cell receptors (TCR) and recognize antigens presented by MHC-I molecules, serving as a major immune surveillance guard against tumors. Elevated numbers of activated CD8 + T cells within the TME are associated with positive outcomes among patients with breast cancer, colorectal cancer, renal cancer, and melanoma (Clemente et al., 1996; Tosolini et al., 2011; Gu-Trantien et al., 2013; Bohner et al., 2019; Ye et al., 2019). Cytotoxic CD8 + T cells recognize tumor antigens and physically engage tumor cells through spatial proximity to eliminate them (Pittet, 2009). Two main pathways are involved in this process: (1) granule exocytosis through the family of serine proteases: the perforin forms a pore on the membrane, allowing granule-associated enzymes (GZM) to access the target cytosol; or (2) apoptosis through cytotoxic effector ligands (e.g., TNFα or Fas) (Martínez-Lostao et al., 2015). However, as the TME becomes increasingly hostile over time, cytotoxic CD8 + T cells lose their ability to suppress tumor growth (Joyce and Fearon, 2015). For instance, lack of nutrients in the TME represents one disruptive factor, leading to exhaustion of these T cells (Chang and Pearce, 2016). Genetic alterations that deregulate oncogenic pathways, such as KRASG12D gain-of-function or TP53 loss-of-function mutations, can result in the recruitment of large numbers of suppressive myeloid cells into the TME to inhibit cytotoxic T cells (Anderson et al., 2017). Thus, more research efforts are needed to understand the TME beyond what activates and mobilizes CD8 + cytotoxic T cells.

Cytotoxic CD8 + T cells have been characterized in teleosts and demonstrated similarities to their human counterparts. Using rainbow trout, analysis of CD8α + and CD8α− cells outside the thymus indicate the existence of CD4-/CD8 + and CD4 + /CD8− lymphocyte populations, which correspond to CD8 + cytotoxic cells and CD4 + Th or Tregs (Takizawa et al., 2011a). In addition, these CD8α + cells also expressed high levels of perforin and granulysin, indicating their effective cytotoxic function. Research conducted in Ginbuna carp again indicates the presence of CD8α + cells with perforin-mediated cytotoxic activity (Toda et al., 2009; Toda et al., 2011). Upon allogeneic insult, a novel granzyme was found upregulated on CD8 + cells in Ginbuna carp (Matsuura et al., 2014). Moreover, the cell-extrinsic apoptosis pathway through the Fas ligand has been detected in the zebrafish, but whether it is expressed in T cells is yet to be determined (Eimon et al., 2006). In Japanese flounder, the Fas ligand has been identified in T-like lymphocytes (Yamaguchi et al., 2019). Overall, cell-cell contact is a key characteristic of cytotoxic CD8 + T cells in the TME and this feature is observed in teleosts (Toda et al., 2011). CD8α + cells have been observed infiltrating the TME of salmon with intestinal tumors, which were induced from chronic gut inflammation (Bjørgen et al., 2019).



CD4 + Lymphocytes

The functions of CD4 + T lymphocytes in the TME are diverse and have been characterized to varying degrees. This can be attributed to the fact that most non-hematological tumors lack the expression of MHC-II molecules, which CD4 + T cells utilize for antigen presentation. Moreover, CD4 + T cells include various subtypes: Th1, Th2, Th17, and Tregs, which exert different and even opposite roles. In teleosts, there are two cd4-like paralogs, cd4-1 and cd4-2. Their encoded proteins, which are widely coexpressed in zebrafish and rainbow trout (Yoon et al., 2015; Takizawa et al., 2016), differ in Ig domain structure. Cd4-1 exhibits a four Ig domain structure similar to mammalian CD4 (Castro et al., 2011). Cd4-2 has fewer Ig domains and its functional significance is currently unknown (Takizawa et al., 2016). Recent studies show that Cd4-1 + T cells in zebrafish infected with pathogens express Th1-, Th2-, and Th17-associated transcription factors and cytokines, indicating that T cell functions are well conserved in bony fish (Yoon et al., 2015; Maisey et al., 2016; Takizawa et al., 2016).


CD4 + Th1 Cells

The Th1 subtype produces large amounts of IFNγ, a cytokine that suppresses tumor growth by promoting proliferation and differentiation of CD8 + cytotoxic T cells and enabling the priming of APCs against tumor antigens (Shankaran et al., 2001; Huang et al., 2007; Ostroumov et al., 2018). Differentiation of Th1 cells is triggered by their exposure to the cytokines such as IFNγ and IL-12 and is characterized by the expression of the master transcription factor T-bet (Kanhere et al., 2012). IFNγ secreted by Th1 subset of cells can recruit natural killer cells and trigger cytotoxicity of tumor-infiltrating macrophages thus preventing tumor progression and angiogenesis (Haabeth et al., 2011; Kim and Cantor, 2014). This Th1 subset also aids in the clearance of pre-malignant, senescent hepatocytes working in conjunction with myeloid cells to prevent the development of liver cancer (Kang et al., 2011).

Both Th1 and Th2 subtypes are present in teleosts, similar to those observed in humans. T-bet, the transcription factor expressed in the Th1 subtype, has been identified and characterized in zebrafish (Mitra et al., 2010). Along with this, IFNγ, the characteristic cytokine of CD4 + Th1 cells, was identified for the first time outside of mammals in zebrafish (Igawa et al., 2006). Two experiments have been conducted in teleosts showing a generalized Th1-type response to antigen challenge. The zebrafish experiment showed that Cd4-1 + T cells, when exposed to a human antigen, induced T-bet and had higher expression of IFNγ (Yoon et al., 2015). A similar experiment conducted in rainbow trout revealed that Cd4 + lymphocytes expressed higher levels of IFNγ, IL-2, and IL-22 after being challenged with a bacterial pathogen (Takizawa et al., 2016). These results indicate a meaningful Cd4 + Th1 response in teleosts. Further research in zebrafish should seek to better understand Th1 cells beyond IFNγ production.



CD4 + Th2 Cells

The Th2 subtype secretes the cytokines IL-4, IL-5, and IL-13 and is characterized by the expression of the transcription factor GATA3 (Kanhere et al., 2012). Differentiation from naïve CD4 + into the Th2 subtype is regulated by IL-4 (Zheng and Flavell, 1997). Through studies in an airway hypersensitivity model, the transmembrane protein T cell immunoglobulin and mucin domain 1 (TIM-1) was found to be critical for Th2-type immune responses (Curtiss et al., 2012). Treatment with the TIM-1 antibody in the murine airway model resulted in the proliferation of Th2 cells, while the antibody against TIM-4, the ligand for TIM-1, induced T-cell proliferation in general (Meyers et al., 2005). Th2 cells can exert anti-tumor effects by recruiting both B cells and eosinophils into the TME (Nishimura et al., 1999; Mattes et al., 2003).

Compared to the Th1 subtype, Th2 cells in teleosts have been characterized with greater details. Dee et al. (2016) generated a zebrafish transgenic line, Tg(cd4-1:mCherry), to monitor Cd4-1 + cells in different organs. The authors identified Th2-like cells in the gills, which express gata3 and il-4/13b, consistent with what was found in salmonids (Takizawa et al., 2011b). They also found that Th2-like cells infiltrated into the TME of zebrafish melanoma. However, unlike the Th2 cells observed in the gills, these cells did not express il-4/13b, indicating heterogeneity of zebrafish Th2 subtype, a characteristic also observed in mammals. As previously seen in humans, blockade or knockdown of TIM-1 and TIM-4 in zebrafish significantly decreased the activation of Cd4 + T cells together with increased proliferation of Th2 subtype and B cells, indicating a key role of these two proteins in regulating CD4 + Th2 subtype (Xu et al., 2016).



CD4 + Th17 Cells

Differentiation from naïve CD4 + T cells into the Th17 subtype is positively regulated by the cytokines TGF-β, IL-6, and IL-23 (Zhu et al., 2010). Th17 cells express the transcription factor retinoid-related orphan receptor RORγt and produce the characteristic cytokines IL-17A, IL-17F, and IL-22. Th17 cells have been shown to induce auto-immune injury in tissues, a function opposite from Tregs (Bettelli et al., 2006). Although chronic inflammation is often carcinogenic, Th17 cells can exert powerful anti-tumor effects. A study using the murine model shows that Th17 polarized cells were highly effective in destroying tumors (Muranski et al., 2008). Additionally, adoptive T cell therapy utilizing Th17 polarized cells can induce cytotoxic CD8 + T cells (Martin-Orozco et al., 2009). In both studies, the anti-tumor effects of Th17 cells are even stronger than the control Th1 cells. Coupled with their long-lived and stem cell-like nature, Th17 cells are critical in anti-tumor responses (Muranski et al., 2011).

Evidence supports the presence of Th17 cells in teleosts, particularly in zebrafish. Firstly, the ROR family is present in zebrafish, including the RORγt transcription factor critical for Th17 cell differentiation (Flores et al., 2007; Monte et al., 2012; Zhang et al., 2013). Five different forms of IL-17 are also found in zebrafish, and they are upregulated in organs of the adaptive immune system such as the spleen and kidney marrow upon lipopolysaccharide (LPS) stimulation (Gunimaladevi et al., 2006). Transcriptome profiling analysis revealed that zebrafish vaccinated with an attenuated bacterial pathogen upregulated key Th17 cytokines, such as IL-17A and IL-22 together with RORγt (Zhang et al., 2013). This demonstrates a clear causal relationship between antigen challenges and the expression of these characteristic Th17 markers. Interestingly, large numbers of Th17-like cells expressing il17a/f1, il17a/f3, il22, and rorca are found recruited to the gut of a zebrafish model of autoimmune and inflammatory diseases, confirming their recognition of self-antigens (Coronado et al., 2019).



CD4 + Tregs

Tregs, another subtype of CD4 + T cells, produce immunosuppressive cytokines such as TGFβ and IL-10, and is characterized by the expression of the transcription factor Foxp3a (Kim and Cantor, 2014; Speiser et al., 2016). Tregs normally prevent excessive autoimmune responses and promote wound healing. In the TME, they suppress CD8 + cytotoxic T cells and support angiogenesis and metastasis of tumors (Zou, 2006). In fact, a significant proportion of tumor-infiltrating CD4 + cells are Tregs (Kim and Cantor, 2014). A high ratio of Tregs to cytotoxic CD8 + T cells is correlated with poor prognosis of patients with multiple cancer types, including pancreatic cancer, ovarian cancer, and colorectal cancer (Preston et al., 2013; Tang et al., 2014; Bencsikova et al., 2019). Hence, the key to the treatment of solid tumors is to suppress the recruitment of Tregs to the TME or to inhibit their immunosuppressive functions.

It has been demonstrated that Foxp3a-expressing Treg-like cells exist in zebrafish (Quintana et al., 2010; Kasheta et al., 2017). Along with a transgenic line that marks out these Treg-like cells by expressing eGFP-fluorescent reporter gene under the zebrafish foxp3a promoter, a mutant zebrafish line with loss-of-function of foxp3a has also been generated (Kasheta et al., 2017). Using these tools, Kasheta et al. (2017) found that foxp3a-/- mutant zebrafish exhibit overall inflammation in tissues, resembling severe human autoimmune disorders. Using the Tg(cd4-1:mCherry) transgenic zebrafish, Dee et al. (2016) demonstrated the existence of Treg-like cells in the gut mucosa. Research studying Tregs’ function in organ regeneration has revealed many potential roles of Tregs in tumorigenesis. When zebrafish were used to model spinal cord, heart, and retina regeneration, CD4 + Treg -like cells were found to quickly migrate to the damaged areas to aid in tissue regeneration (Hui et al., 2017). The ablation of these cells significantly impaired the regenerative capabilities of the tissue (Hui et al., 2017).



TCRγδ T Cells

The decision between the αβ and γδ fates is one of the first made by T cell progenitors in the thymus. The two groups diverge from the same progenitors based on the strength of TCR signaling: with the strong one generating γδ cells and the weak one generating αβ cells (Ciofani and Zuniga-Pflucker, 2010; Wong and Zuniga-Pflucker, 2010; Zarin et al., 2015). αβ cells are defined by successful rearrangement of the TCRβ loci and their progression through a CD4/CD8 double-positive stage, while the γδ subtype rearranges the TCRγ and TCRδ loci and avoids this double-positive stage (Kreslavsky et al., 2010; Zarin et al., 2015). The TCRαβ lineage comprises the vast majority of T cells in the body, while only 2–10% of the total T lymphocytes exhibit γδ characteristics (Sheridan et al., 2013). Unlike CD4+ or cytotoxic CD8 + T lymphocytes, these rare γδ T cells are not restricted to antigens presented by a particular class of MHC molecules and possess both cytotoxic and immune-stimulating properties. For instance, they express cytotoxic ligands (e.g., FasL) and have capacities of both phagocytosis and antigen presentation (Lawand et al., 2017; Zhao et al., 2018). Indeed, the high frequency of γδ cells is associated with positive prognostic outcomes across 25 different types of cancer, especially among solid tumors (Gentles et al., 2015). This association was even stronger than that observed for cytotoxic CD8 + T cells, highlighting the anti-tumor effect of γδ cells in the TME (Gentles et al., 2015).

Distinctive γδ T cells have been observed in teleosts and characterized in zebrafish. The TCRγ locus has been identified in the zebrafish genome assembly using conserved elements among species (Seelye et al., 2016). Wan et al. (2017) found that zebrafish γδ T cells exhibit the characteristic CD4-; CD8 + surface markers with similar flow cytometry scatter patterns/morphology as seen in human γδ cells. Moreover, both the non-specific phagocytic and antigen-presenting characteristics are also preserved in the zebrafish (Wan et al., 2017). The presence of TCRγ was also found in the gut mucosa of other teleosts, such as the sea bass (Picchietti et al., 2011). The above evidence indicates that the zebrafish is suitable for in-depth studies of γδ T cells in the TME.



B Lymphocytes

The role of B cells in the TME is less understood compared to T cells. Across all subtypes of breast cancer, nearly 60% of tumor-infiltrating lymphocytes within the TME were found to be B cells (Coronella-Wood and Hersh, 2003). A recent study, which examined the prognostic significance of tumor-infiltrating B and plasma cells, showed that both types were associated with either positive or neutral outcomes across a wide array of solid-tumor cancer types, including lung, colorectal, gastric, ovarian, and hepatocellular cancers (Wouters and Nelson, 2018). However, when the disease stage was taken into consideration for oro- and hypopharyngeal cancer, B cells were associated with a positive prognosis in patients with early disease but a negative prognosis for those with advanced disease (Wouters and Nelson, 2018).

Different subtypes of B cells can have opposite roles in the TME, either tumor-promoting or suppressing (Shen et al., 2016; Yuen et al., 2016; Largeot et al., 2019). Human mature B cells in the periphery include two main groups: follicular and marginal zone B cells. Follicular B cells can differentiate into IgG, IgE, and IgA antibody-secreting cells (ASCs) with the help of T cells, and can also form IgM ASCs in a T-cell independent manner (Allman and Pillai, 2008). Marginal zone B cells generally serve in an innate-like capacity, while pathogenic triggers such as LPS can induce them to become short-lived plasma cells (Allman and Pillai, 2008). In addition, specific subtypes of B cells expressing CD19, CD20, CD11c, and B220 can also function as APCs (Largeot et al., 2019). Beyond antigen presentation, CD19 + B cells can also express the death ligand FasL to directly induce cytotoxicity when stimulated by IL-17A (Lu et al., 2016). These same cells are negatively regulated by IL-10 (Tao et al., 2017). IL-21 can also stimulate B cells within the TME to produce granzyme B (Jahrsdörfer et al., 2006). Finally, B regulatory cells (Bregs) are a small population of B cells participating in immunomodulation. They exert immunosuppression by enhancing the activity of Tregs, secreting immunosuppressive cytokines such as IL-10, and suppressing the effector CD4+ and CD8 + T cells via the production of TNFα (Olkhanud et al., 2011; Sarvaria et al., 2017). Evidence from multiple studies indicates that Bregs are capable of shielding cancers from the immune system (Schioppa et al., 2011; Murakami et al., 2019). Bregs have also been shown to induce tissue heterogeneity in melanoma through crosstalk between tumor-produced fibroblast growth factor 2 and B-cell origin insulin growth factor 1 to reduce the effectiveness of kinase-inhibitor therapies (Somasundaram et al., 2017).

B cells have been characterized in zebrafish. While IgM and IgD are traditionally considered as the main surface markers for B cells in teleosts, another B cell marker, IgZ, was recently identified in zebrafish immune tissues such as the kidney, spleen, and gills after the LPS challenge (Hu et al., 2010). Page et al. (2013) characterized the development and behavior of IgM + B cells in zebrafish. Utilizing three fluorescent transgenic lines, they defined the existence of pro-B (Pax5+Rag2+IgM–) and immature/mature (Pax5+Rag2–/loIgM+) B cells in the kidney marrow of adult zebrafish (Page et al., 2013). Furthermore, they characterized plasma B cells and discovered a population of CD45-Blimp1 + cells that express plasma-based characteristic markers, such as xbp1, cd40, and irf4 (Page et al., 2013). Liu et al. applied a fluorescent cd79/cd79a transgenic reporter line to show that the pre-B cell stage does not exist in zebrafish, a key difference in B cell development between zebrafish and humans (Liu et al., 2017). Further work indicates that CD79a and CD22 can serve as meaningful markers to distinguish multiple stages of B cell development in teleosts (Liu et al., 2017; Peñaranda et al., 2019). Research examining gastrointestinal tumors in salmonids detected infiltration of IgM + B cells in the tumor stroma and also in metastatic outgrowths in the liver, mirroring what was observed in certain human cancers (Bjørgen et al., 2019). The above evidence supports the suitability of the zebrafish for studying B cell immunity in the TME.



TECHNOLOGICAL ADVANCES FOR THE ZEBRAFISH

Among vertebrate models, the zebrafish possesses unique advantages for tumor immunity research. The high fecundity of female zebrafish provides hundreds of progeny ideal for statistical analysis, while their external reproduction provides unprecedented access to study the early development of the immune system and cancer (Zon and Peterson, 2005). The optical clarity of embryos and juvenile fish together with the development of highly transparent Casper adult fish enables live imaging studies of tumor-immune cell interactions. Moreover, significant advances have been made over the years to develop the technology needed for zebrafish research, including an assortment of transgenesis and mutagenesis techniques for gene modulations, as well as the ability to conduct large-scale genetic and chemical screens using zebrafish (Suster et al., 2009).


Transgenesis

Early transgenic zebrafish were created by microinjecting linearized plasmid DNA into one-cell-stage embryos (Stuart et al., 1988; Amsterdam et al., 1995). However, this technique was limited by low rates of transmission of the transgene to the progeny (Suster et al., 2009). In recent years, the development of meganuclease or transposon-mediated transgenesis has led to the generation of stable transgenic zebrafish (Michailidou et al., 2009; Chen et al., 2014). Furthermore, the application of conditional transgenesis allows for the inducible expression of target genes, such as oncogenes like xmrk and krasG12D (Li et al., 2012; Enya et al., 2018). One example is the Cre/lox system, which can be combined with the GAL4/Upstream activating system (GAL4/UAS) to regulate oncogene expression under tissue-specific promoters (Santoriello et al., 2010; Enya et al., 2018; Park and Leach, 2018). Another example is the LexPR system, which initiates the transcription of a specific reporter gene through binding to an operon (Kenyon et al., 2018). Finally, the Tet-On system allows the spatial induction of an oncogene under a tissue-specific promoter (Li et al., 2012). The combination of zebrafish transgenesis and its prolificacy has led to the generation of numerous transgenic lines rapidly in a cost-effective manner.



Targeted Gene Inactivation and Genome Editing

Gene inactivation and editing provide another means to modify gene expression in zebrafish. Endonucleases such as transcription activator-like effector nucleases have been utilized to induce targeted double-stranded DNA breaks in tumor suppressor genes to trigger tumorigenesis (Sander et al., 2011; Dahlem et al., 2012; Ignatius et al., 2018). Another approach to inactivate genes in zebrafish is the application of zinc-finger proteases to induce double-stranded breaks followed by non-homologous base-pairing (Payne and Look, 2009). Recently, the cluster regulatory interspaced short palindrome repeats CRISPR/Cas9 system has become the major method for zebrafish gene editing. This advanced technique can induce double-stranded DNA cleavages to delete DNA sequences or introduce genetic modifications in highly targeted locations within the genome. The high efficacy of the CRISPR/Cas9 system, combined with the ease of microinjection of the one-cell-stage embryos, allows for simultaneous targeting of multiple genes in zebrafish to provide insights into how each lineage develops. Furthermore, CRISPR/Cas9 manipulates the genome in a highly controlled manner with up to 50% accuracy (Liu et al., 2019). Collectively, these techniques have enabled the efficient procurement of genetic editing in zebrafish.



Xenografts

Xenografts are animals injected with human cells. While the murine xenografts take weeks or even months to establish, it only takes days to weeks to establish zebrafish xenograft (Xiao et al., 2020). Zebrafish are often transplanted as embryos with fluorescently labeled tumor cells, including patient-derived cancer cells (Au-Kemp et al., 2009; Veinotte et al., 2014; Hason and Bartůněk, 2019; Vargas-Patron et al., 2019). Due to the absence of the adaptive immune system at the early embryonic stage, tumor cell engraftment can occur in zebrafish easily, generating multiple models to study metastasis of human tumor cells including those from patients (Marques et al., 2009; Cabezas-Sainz et al., 2018; Xu et al., 2018). A recent example shows that zebrafish xenografts can serve as a fast, cost-effective preclinical tool with live imaging capabilities to investigate CAR T cell-mediated killing of human cancer cells in B cell malignancies (Pascoal et al., 2020). Although zebrafish are normally reared at an optimal temperature of 26–28°C, xenografted embryos can tolerate an upper limit of 37°C to simulate conditions within the human body (Cabezas-Sainz et al., 2018; Morgan et al., 2019; Yan et al., 2019). Despite the minimal effect on the proliferation of xenografted cells (Cabezas-Sainz et al., 2018; Xu et al., 2018), it is unknown whether these cells experience higher rates of mortality. A more detailed characterization is required to fully understand the properties of these transplanted tumor cells. Additionally, the field will benefit from fine-tuning husbandry techniques to improve zebrafish tolerance of higher temperatures.

For the adult zebrafish, human tumor cells can be introduced through intraperitoneal injection (Patton et al., 2005). However, successful transplantations can only occur in the immunocompromised zebrafish (Vargas-Patron et al., 2019). Similar to mammals, lymphocytes and APCs in adult zebrafish recognize the transplanted tumor as foreign cells and eliminate them (Langenau et al., 2004; Dee et al., 2016). APCs present tumor-antigens through MHC-II molecules to activate Cd4 + T cells and initiate anti-tumor immune responses (Wittamer et al., 2011; Dee et al., 2016). Hence, T cells must be ablated in recipient zebrafish through irradiation, chemical treatments, or mutagenesis to ensure engraftment (Langenau et al., 2004). To facilitate the use of zebrafish for cancer research, a panel of immunocompromised zebrafish mutants in the transparent Casper zebrafish background have been generated over the past few years (Table 3) (Moore et al., 2016; Tang et al., 2017). The zebrafish xenografts allow for therapeutic testing of compounds in a rapid and cost-effective manner. Moreover, coupled with the imaging technique, zebrafish xenografts represent valuable tools to study human tumor cell behavior, including proliferation, apoptosis, invasion, and interaction with host cells (Zhao et al., 2011; Jung et al., 2012; Drabsch et al., 2013; Pudelko et al., 2018; Vargas-Patron et al., 2019).



Small Molecule Screens

Due to their high fecundity and small size, zebrafish are suitable for small molecule screens to identify anti-cancer compounds, and zebrafish xenografts can even be used to screen for personalized therapeutics (Rennekamp and Peterson, 2013; Veinotte et al., 2014). The rapid development of zebrafish allows for the simultaneous assessment of drug efficacy and toxicity in a high-throughput manner (Williams and Hong, 2016; Hason and Bartůněk, 2019; Yan et al., 2019). One successful example of using zebrafish xenografts for small molecule screening is the identification of the drug, clotrimazole, for the treatment of melanoma (Precazzini et al., 2020). This drug, when co-administered with specific inhibitors targeting oncogenes such as Ras expression in melanoma, blocked transformed malignant cells from proliferating (Precazzini et al., 2020). Other researchers have also utilized zebrafish for small molecule screens to identify compounds that disrupt specific biological pathways important to cancer initiation, progression, or maintenance (Gore et al., 2018; Letrado et al., 2018; Lam and Peterson, 2019). Along with the discovery of novel oncogenic pathways that these compounds target, zebrafish chemical genetics have led to an improved understanding of tumor progression and treatment resistance (Gallardo et al., 2015; Dang et al., 2016).



Advanced Imaging Techniques

The optical clarity of the zebrafish during the embryonic to juvenile stage allows for high-resolution imaging. The generation of Casper fish, which lack pigmentation and have thin muscle tissues, extended this imaging capacity to adult zebrafish (White et al., 2008; Blackburn et al., 2011). A broad spectrum of fluorescent proteins can be exploited for differential labeling and visualization of stromal and tumor cells, including vasculatures and different types of immune cells (Oralova et al., 2019). Live imaging in zebrafish unfolds the process of neovascularization, morphology of tumor cells, and their movement, as well as the dynamic interactions with their surrounding tissues (Blackburn et al., 2011; Ignatius and Langenau, 2011). Low-resolution fluorescent macroscopes equipped with different LED lights and filters enable both still imaging and live-video recording of up to 30 zebrafish simultaneously (Blackburn et al., 2011). Laser confocal microscopy provides images with high resolution and contrast, but images are procured one pixel at a time, leading to photo-toxicity over time (Ignatius and Langenau, 2011). A spinning-disc confocal microscope that captures multiple pixels at once can ameliorate these drawbacks. Alternatively, the two-photon microscopy allows for time-lapse images of deep cell structures at high-resolution with long exposure times (Ignatius and Langenau, 2011).



Genetic Screens

Over the past two decades, a large body of work on zebrafish has been focused on genetic screens, uncovering numerous genes critical for tumorigenesis. The genetic screens were either based on chemical or insertional mutagenesis. For the former, the chemical ENU was often used as the mutagen, leading to the discovery of many zebrafish mutant lines for cancer research (Driever et al., 1996; Haffter et al., 1996; Shive et al., 2010). On the other hand, insertional mutagenesis screens utilize exogenous DNA or retroviruses as the mutagens (Sivasubbu et al., 2007). An additional screening method exploited by zebrafish is target-induced local lesions in genomes, a reverse genetic strategy that can identify point mutations of the gene of interest (Da Costa et al., 2014). More recently, screens through transgenic overexpression of genes, such as those using the MiniCoopR vectors, have been conducted to identify genetic modifiers of a known tumor phenotype (Iyengar et al., 2012; Ablain et al., 2018). All of these screening methods have led to the generation of a panel of zebrafish mutants that develop tumors and the identification of novel tumor suppressor genes, oncogenes, and genes that modify the existing tumor phenotype.



AVAILABLE RESOURCES ENABLING ZEBRAFISH FOR TUMOR IMMUNITY RESEARCH

Along with the technological advances, there are a number of resources suitable for tumor immunity research using the zebrafish. Among them, transgenic fluorescent reporter lines help label and track different types of immune cells, especially those participating in adaptive immunity (Table 1). In addition, researchers have also generated and validated a panel of antibodies recognizing zebrafish T and B cells as well as mutant lines in which these adaptive immune cells are depleted (Tables 2, 3). Finally, two dozen zebrafish models of cancer have already showcased the power of this organism in understanding disease etiologies (Table 4). Together, these valuable resources opened the door for researchers to probe specific interactions between immune and tumor cells in various types of cancers, and to expand our understanding of the TME and adaptive tumor immunity.


TABLE 1. Transgenic fluorescent reporter lines for tracking adaptive immune cells.
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TABLE 2. Antibodies recognizing markers of zebrafish immune cells.
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TABLE 3. Immunodeficient zebrafish mutants.

[image: Table 3]

TABLE 4. Zebrafish cancer models.
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Transgenic Lines for Tracking Adaptive Immune Cells

Transgenic fluorescent reporter lines represent powerful tools to track immune cells and their behaviors in the TME (Table 1). As the conserved genes governing the development of the adaptive immune system are identified, multiple fluorescent reporter lines have been rapidly generated to mark different immune components in zebrafish using their respective promoters. Similar to the reporter lines for the innate immune system, such as Tg(mpeg1:eGFP) for macrophage and Tg(mpx:GFP) for neutrophils (Ellett et al., 2011; Wang et al., 2014), reporter lines for the adaptive immune system have been utilized to understand the development of lymphocytes in vertebrates (Table 1) (Willett et al., 1999; Langenau et al., 2004). Since these reporter lines can label both lymphoid progenitors and mature lymphocytes, they represent valuable tools to investigate the role of T and B cells in the context of solid tumors and their differentiation in the TME. Interestingly, recent work has found that eGFP fluorescence levels in the Tg(lck:eGFP) line can distinguish B or T cells, indicating the usefulness of this transgenic line in simultaneously studying the behaviors of T and B cells (Borga et al., 2019). The Tg(cd4-1:mCherry) line can label both Cd4 + lymphocytes and macrophages, and has been used to document the conservation of zebrafish lymphocyte development and oncoimmunophenotypes (Dee et al., 2016).



Antibodies for the Study of the Adaptive Immune System in Zebrafish

The development of zebrafish antibodies is an ongoing process (Table 2). Prominent work from the Shao lab at the Zhejiang University has generated a wide variety of zebrafish antibodies against a number of key components in the adaptive immune system, such as IgM, CD40, TCRα/β/γ/δ, CD80/86, and CD83 (Gong et al., 2009; Zhu et al., 2014; Wan et al., 2017). In addition, cross-reactive antibodies developed for other species have helped expand this toolbox. For instance, CD4-1 and CD8α antibodies developed for Ginbuna carp have been validated for successful use in zebrafish (Miyazawa et al., 2018).



Immunocompromised Zebrafish Mutants

Immunocompromised zebrafish serve as the ideal host for tumor cell transplantation and are useful tools that help dissect the contribution of specific immune cells to tumorigenesis (Table 3). This line of research began with the development of the rag1-/- mutant (Wienholds et al., 2002), followed by the identification of c-myb(t25127) mutant fish (Soza-Ried et al., 2010). The Langenau laboratory later developed additional mutant fish with excellent survivability, leading to the establishment of multiple human cancer xenografts in which patterns of angiogenesis and metastasis are studied (Tang et al., 2014; Moore et al., 2016; Tang et al., 2016; Tang et al., 2017; Yan et al., 2019). Combined with their optical clarity, these immunocompromised zebrafish allows for the visualization of single-cell engraftments and the tracking of cancer cell proliferation and migration (Yan et al., 2019). In addition, when transplanted with human cancer cells at the adult stage, these mutant zebrafish are instrumental in evaluating and screening for compounds for personalized application (Hason and Bartůněk, 2019; Yan et al., 2019).



Zebrafish Models of Human Cancers

Beyond xenograft models mentioned above, zebrafish genetic models for human cancers represent one area with the most growth over the past 20 years. Pairing appropriate promoters with cancer-prone genetic alterations have led to the development of over two dozens of zebrafish cancer models (Table 4). Most of these models were generated through oncogene overexpression. Among them, the solid tumor models, such as melanoma and neuroblastoma, are well suited for investigating tumor-immune cell interactions in vivo. Examples of this type of research include studying the role of myeloid cells in early melanoma development utilizing the BRAFV600E transgenic fish as well as the LexPR-regulated conditional NRASQ61K zebrafish (Patton et al., 2005; Kenyon et al., 2018). The zebrafish expressing either N-MYC or C-MYC under the adrenal promoter dβh to model neuroblastoma recapitulates human phenotypes (Zhu et al., 2012; Tao et al., 2017; Zimmerman et al., 2018). C-MYC was also paired with a different promoter to generate a zebrafish model of hepatocellular carcinoma (Li et al., 2012).

Zebrafish models of human cancers have also been generated through inactivating tumor suppressors. An example of this is the zebrafish with tp53 mutations that primarily develop malignant peripheral nerve sheath tumors (MPNSTs) (Berghmans et al., 2005). Interestingly, a recent development of the zebrafish with deletion of tp53 revealed tumor development ranging from MPNSTs, angiosarcomas, and germ cell tumors to an aggressive natural killer cell-like leukemia (Ignatius et al., 2018). Since this model was generated in the CG1 syngeneic zebrafish strain, researchers can easily transplant tumors into this zebrafish to visualize metastatic and angiogenic capacities of tumor cells (Ignatius et al., 2018). CRISPR/Cas9 technology has also been used to delete tumor suppressor genes such as ATRX (Oppel et al., 2019). When ATRX was knocked out in the tp53 mutant fish background, the fish developed epithelioid sarcoma, angiosarcoma, and undifferentiated pleomorphic sarcoma (Oppel et al., 2019). ENU screens generated additional cancer models, such as the brca2Q658X mutant fish that develop testicular neoplasias (Shive et al., 2010). The availability and conservation of these zebrafish cancer models further expand the toolbox of the zebrafish for tumor immunity research.



PROOF OF PRINCIPLE: A SMALL FISH DIP

Both genetic and xenograft cancer models of zebrafish are suitable for tumor immunity studies. The use of genetic models of cancer provides insights into how the immune system responds to malignant transformation and progression during animal development. The fact that zebrafish share conserved telomere regulation pathways and also live in a non-sterile environment as humans provides unique advantages for its utility in studying tumor immunity in comparison to mice (Carneiro et al., 2016). Xenograft assays, ranging from the transplantation of cultured human cell lines to primary patient cells, can complement the genetic models to quickly validate immunotherapies and other selected agents that can kill cancer cells but not the developing fish. In addition, some descriptive studies of the TME in teleosts have been conducted when cancer development is triggered by diet-mediated inflammation, such as metastatic intestinal adenocarcinoma (Bjørgen et al., 2019).


Zebrafish Genetic Models to Probe Tumor-Immune Interactions

Zebrafish genetic models of cancer are often paired with the fluorescent reporter lines to differentially label both the tumor and the immune system, especially the adaptive immune components (Tables 1, 4). Combined with the imaging capacities of the zebrafish, interactions between tumor and specific immune cells arising from the fish can be tracked and studied with high fidelity as seen in human cancers. Dee et al. studied the infiltration of melanoma by T cells and their findings recapitulate what is observed in mammalian systems (Dee et al., 2016). When melanoma develops from the radial growth phase into nodular tumors, T cell activities reduce in the TME of these fish as demonstrated by decreased transcript levels of lck, cd4-1, and cd8α (Dee et al., 2016). Further analysis of tumor-infiltrating Cd4-1 + cells showed that these cells expressed higher levels of gata3 and il-4/13a but not il-4/13b, indicating the presence of a specific subset of Th2 cells in the TME of melanoma, which are absent in normal mucosal environments such as the gills (Dee et al., 2016). Gómez-Abenza et al. sought to understand the TME using the zebrafish model of melanoma in the context of chronic inflammation (Gómez-Abenza et al., 2019). Through the use of a zebrafish line deficient of serine peptidase inhibitor kunitz type 1 (SPINT1), they showed that SPINT1 levels positively correlated with rates of macrophage infiltration into the TME, indicating its regulation of the crosstalk between tumor cells and the immune system. These findings demonstrate that zebrafish is suitable to investigate the interplays among cancer cells, innate, and adaptive immune system.



Zebrafish Xenografts to Screen for Immunomodulators and Test Cell-Based Immunotherapies

Similar to zebrafish genetic models of cancer, researchers also utilize differential labeling of immune and tumor cells in zebrafish xenograft models of cancer to visualize immune-tumor cell interactions in vivo. In addition, the small size and a large number of xenografted embryos enable rapid screens and evaluation of compounds that modulate tumor-immune cell interactions. In particular, the simultaneous introduction of both human cancer and immune cells from the same patient enables the evaluation and selection of optimal cell-based immunotherapy, such as CAR-T cells. For instance, Yan et al. have recently generated a Casper; prkdc-/-; il2rga-/- mutant fish that can be reared at 37°C to better replicate human conditions and support a wide variety of cancer cell engraftments, including patient-derived human cells (Yan et al., 2019). Their work demonstrated the feasibility of this model to assess the efficacy of CAR-T cells in eradicating cancer cells. Pascoal et al. showed that zebrafish xenografts can be used to screen optimal CAR-T cell therapies (Pascoal et al., 2020). Researchers have also utilized zebrafish xenografts to visualize the killing of dormant metastatic cancer cells by CAR-T cells in vivo at the single-cell resolution (He et al., 2020). Al-Samadi et al. (2017) demonstrated that extracellular vesicles isolated from human tongue carcinoma cells can trigger the diminishment of il-13 mRNA in zebrafish, which is an anti-inflammatory cytokine. These studies provide evidence to support the feasibility of zebrafish xenografts in immunomodulator screening and cell-based immunotherapy testing, demonstrating their potential to bridge in vitro studies and those conducted in mammals like mice (He et al., 2020; Pascoal et al., 2020).



FUTURE PERSPECTIVES

In summary, the zebrafish has served as one of the key model organisms in recent decades to further our understanding of cancer etiologies and immune system development in vertebrates (Trede et al., 2004; Hason and Bartůněk, 2019; Rossa and D’Silva, 2019). Comparative studies of hematopoiesis demonstrated similarities in the genetic and cellular components of the immune system with only a few differences in the timing and location of the development. Furthermore, these studies revealed surprisingly high conservation in the adaptive immune system between zebrafish and humans. Distinct γδ T cells, cytotoxic CD8 + T cells, CD4 + T cells, and their subtypes are present in both species. In addition, zebrafish and humans share similar differentiation patterns and functions of B lymphocytes, with some differences in the classes and abundance of immunoglobulins as well as the absence of pre-B cells in zebrafish. The overarching similarities between the zebrafish and humans have encouraged the development of a myriad of technologies and tools available for tumor immunity research.

The zebrafish possesses unique advantages for tumor immunity research. The optical clarity of zebrafish together with their small size and low cost makes imaging studies of the TME and screening of immunomodulators feasible. Moreover, the ex-utero development of the zebrafish embryos allows easy and non-invasive access to image the TME, especially tumor-immune cell interactions, at the early stages of tumor development. An in-depth investigation of how the immune system evolves from the anti-tumor to pro-tumor stage holds the key to unlocking the mechanisms of immune evasion. For zebrafish embryos or juveniles under 3 weeks of age, they cannot mount an adaptive immune response (Rossa and D’Silva, 2019). This temporal lag in the development of innate and adaptive immunity in zebrafish is useful to study the differences in interactions between the innate and adaptive immune systems with tumor cells (Rossa and D’Silva, 2019). Moreover, the development of immunocompromised zebrafish mutants in which specific adaptive immune components are removed facilitates elegant probing of these individual component’s contribution to tumor development.

Like any other model system, the zebrafish also possesses some limitations. Gene duplication within the zebrafish genome, which can lead to redundancy in gene function, creates difficulties in gene knockout studies (Postlethwait et al., 2000; Taylor et al., 2003; Howe et al., 2013). As mentioned above, some differences also exist during immune cell development between zebrafish and humans. Importantly, preliminary work using zebrafish and other teleosts have provided fresh mechanistic insights into the regulation of the TME (Dee et al., 2016; Bjørgen et al., 2019; Gómez-Abenza et al., 2019), along with demonstrations of the feasibility of zebrafish xenografts for screening personalized treatments (Al-Samadi et al., 2017; Yan et al., 2019; Pascoal et al., 2020). With its technological advances, established research tools, and high levels of conservation, the zebrafish has joined murine models and human genetic studies for tumor immunology research to uncover novel immunotherapeutic strategies for improved cancer treatment.
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Heart failure causes significant morbidity and mortality worldwide. The understanding of heart failure pathomechanisms and options for treatment remain incomplete. Zebrafish has proven useful for modeling human heart diseases due to similarity of zebrafish and mammalian hearts, fast easily tractable development, and readily available genetic methods. Embryonic cardiac development is rapid and cardiac function is easy to observe and quantify. Reverse genetics, by using morpholinos and CRISPR-Cas9 to modulate gene function, make zebrafish a primary animal model for in vivo studies of candidate genes. Zebrafish are able to effectively regenerate their hearts following injury. However, less attention has been given to using zebrafish models to increase understanding of heart failure and cardiac remodeling, including cardiac hypertrophy and hyperplasia. Here we discuss using zebrafish to study heart failure and cardiac remodeling, and review zebrafish genetic, drug-induced and other heart failure models, discussing the advantages and weaknesses of using zebrafish to model human heart disease. Using zebrafish models will lead to insights on the pathomechanisms of heart failure, with the aim to ultimately provide novel therapies for the prevention and treatment of heart failure.
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INTRODUCTION

Heart disease is the number one cause of mortality and years of life lost globally (GBD 2016 Causes of Death Collaborators, 2017). Heart failure (HF) is defined as the heart’s inability to provide sufficient blood to meet the body’s needs. More than 1% of the adult population has HF, and the 5-year mortality is over 50% (Bleumink et al., 2004). Due to aging populations, this severe clinical syndrome is becoming increasingly prevalent. By 2030, almost 3% of the population is predicted to have HF (Virani et al., 2020).

Coronary artery disease and hypertension account for over 80% of the etiology of HF. Other important etiologies include valvular heart diseases, cardiomyopathies (CMs), myocarditis, and inflammatory heart diseases. Dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy (HCM) are the most prevalent non-ischemic CMs, with estimated prevalence of >0.4% and >0.2%, respectively (McKenna and Judge, 2021). More rare causes of HF include congenital heart diseases, arrhythmias, cardiotoxicity, infections, high-output HF, right-sided HF, and pericarditis (Ponikowski et al., 2016).

Over the past couple of decades, zebrafish has emerged as a powerful vertebrate model for studying heart diseases. It is increasingly used to study development, anatomy, and physiology by genetic, pharmacological, and numerous other experimental techniques. The advantages of using zebrafish are clear (Table 1A). Zebrafish are used for high-throughput drug screening and for assessing drug efficacy and toxicity (Gut et al., 2017). The zebrafish genome is fully sequenced and readily available (Howe et al., 2013). Humans and zebrafish are genetically similar, with the great majority of genes having orthologs with significant similarity at the protein level (Barbazuk et al., 2000). This enables the use of targeted mutagenesis techniques for modeling human genetic diseases (Arnaout et al., 2007).


TABLE 1. Advantages and disadvantages of using zebrafish for modeling human diseases in general (A) and specifically for cardiac diseases (B).

[image: Table 1]The technique of anti-sense morpholino oligonucleotides (MOs) for targeted knockdown of genes has been used for over two decades (Nasevicius and Ekker, 2000). MOs must be distinguished from the following truly genetic methods that produce heritable changes, for MO knockdown is transient, as the anti-mRNAs injected into fertilized eggs gradually dilute within a few days (Nasevicius and Ekker, 2000). In recent years, several genetic methods have been used for gene-specific targeting. These include engineered nucleases, such as the zinc-finger nucleases (ZFNs) (Doyon et al., 2008; Meng et al., 2008) and the transcription activator-like effector nucleases (TALENs) (Huang et al., 2011; Sander et al., 2011), and most recently, the CRISPR-Cas9 (Hwang et al., 2013). CRISPRs have recently been established as a powerful reverse genetic screening strategy in the zebrafish (Shah et al., 2015).

Here we first briefly review early developmental mutants discovered in forward genetic mutagenesis screens, as they demonstrated the value of investigating cardiac phenotypes in embryonic zebrafish, and paved way for the increasing number of studies using reverse genetic techniques for modeling cardiovascular disease in zebrafish. These developmental mutants are not reviewed in detail, as they are not primarily for modeling HF. We review both embryonic and adult zebrafish models for studying cardiac remodeling and impaired cardiac function, grouping these into main groups of genetic and drug-induced models, and also examine other HF models. As the etiologies of HF range from fully congenital to fully acquired and everything in between, we seek to include examples from this vast range, focusing on the suitability of zebrafish models for investigating candidate genes and genetic factors predisposing to HF. We discuss the genetic and physiological suitability of using zebrafish to model human HF. For clarity, here we arbitrarily call all zebrafish younger than 7 days post fertilization (dpf) as “embryonic,” including larval zebrafish older than 3 dpf.



DEFINING HEART FAILURE IN ZEBRAFISH

First, it is vital to define what is meant by HF in zebrafish embryos and adults, and how cardiac function is measured and quantified. In embryonic zebrafish assessing cardiac size and function is easy under a normal stereo-microscope due to optical translucency. Adult zebrafish require echocardiography, which is technically and financially more challenging. Both embryonic and adult fish require anesthesia for the imaging. A combination of the following factors should be used when evaluating cardiac function:


(a)Ventricular size. Increased ventricular size is associated with HF.

In embryos ventricular area or at least short and long axes of the ventricle measured at the end of systole and at the end of diastole under a normal stereo-microscope (Figure 1).
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FIGURE 1. Zebrafish at 4 dpf with a zoom-in of the ventricle. Ventricular width a and length b. Adapted with permission from Paavola et al. (2020).



In adult zebrafish, cardiac ultrasound (echocardiography) is used (Wang et al., 2017).

More broadly, cardiac structure at the organ-level as a whole is important to assess already during in vivo video-microscopy and echocardiography. This will then direct following steps into possible biochemical experiments and microscopic imaging.

Growth of the heart muscle may involve growth of cell size (hypertrophy) or growth of cardiomyocyte number due to proliferation (hyperplasia). Size and number (in embryos) of cardiomyocytes may be quantified from dissected and stained zebrafish hearts (Figure 2).
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FIGURE 2. Treatment with isoproterenol increases cardiomyocyte size. 4 dpf zebrafish without (A) and with (B) 300 μM isoproterenol-treatment 2–4 dpf. Staining with Mef-2 antibody (red) to identify cardiomyocyte nuclei and with ZN-5 antibody (green) to delineate cardiomyocyte cell borders. Ventricles marked with arrows and atria marked with arrowheads. Adapted with permission from Paavola et al. (2020).



(b)Cardiac contractility and relaxation. Impaired contractility and prolonged relaxation are associated with HF.

Cardiac function may be quantified in several ways and the same parameters can be used in embryonic and adult fish. Common ways of measuring contractility are ejection fraction and fractional shortening (Fink et al., 2009). Fractional shortening may be measured 1- (diameter), 2- (area), or 3- (volume) dimensionally. In adult zebrafish, we found fractional volume shortening to be the most reliable method (Narumanchi et al., 2019). From the same fast frame-rate recordings, cardiac relaxation time may be measured (Paavola et al., 2020).

In embryonic zebrafish, stroke volume may also be quantified with measurement of erythrocyte flow velocity in the aorta (Paavola et al., 2013). When measurements of ventricular size are challenging, complicated by e.g., pericardial edema (see below), blood flow measurement may be more reliable.

Additionally, valvular function is important to assess to rule out flow-limiting stenosis or backflow.

(c)Edema. Increased edema is associated with HF.

Pericardial edema is easy to quantify in embryonic zebrafish (Paavola et al., 2020), however on its own it is a very non-specific finding. To our knowledge, pericardial or peripheral edema remain largely unquantified in adult zebrafish. However, accurate weighing is one way to follow fluid build-up.

(d)Rhythm. Cardiac arrhythmias and conduction delays are associated with HF.

Zebrafish are prone to changes in heart rate and development of atrioventricular conduction block (Milan et al., 2003; Paavola et al., 2013; Zhu et al., 2014). Various methods to investigate cardiac rhythm and conductance in embryonic and adult zebrafish have been established (Santoso et al., 2020). Electrocardiogram (ECG) remains the gold standard in adult zebrafish (Milan et al., 2006).

(e)Biochemical HF markers. Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are the most established biomarkers that show increased expression levels in HF (Becker et al., 2012; Shi et al., 2017).



As in humans, a combination of the above-mentioned factors may indicate HF. For concluding HF in zebrafish, abnormal cardiac structure and/or function (impaired blood flow, contractility or relaxation) must be shown. In addition to the above-mentioned factors, the interpretation as HF is further supported by the zebrafish showing rapid breathing, exercise intolerance, and increased mortality (Wang et al., 2011).

Additionally, numerous less used/available methods for quantifying heart size and function have been reported, including magnetic resonance imaging (Koth et al., 2017; Merrifield et al., 2017). More broad review of experimental techniques such as optogenetics (Arrenberg et al., 2010), voltage mapping and calcium imaging is beyond the scope of this article (Genge et al., 2016; Lin et al., 2020).



GENETIC HEART FAILURE MODELS

Several zebrafish models of cardiac hypertrophy, hyperplasia, dysfunction, and remodeling have been established by genetic manipulation (Table 2) or by drug treatment (Table 3).


TABLE 2. Genetic models of heart failure.
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TABLE 3. Drug-induced models of heart failure.

[image: Table 3]Cardiac hypertrophy is a common adaptive change to pathological processes leading to cardiac dysfunction and failure. With currently available genetic tools to modify gene expression in zebrafish, several molecular pathways have been associated with development of cardiomegaly and cardiac dysfunction. The list of reported genetic HF models in zebrafish, some of which are briefly described below and in Table 2, is constantly expanding.

The first zebrafish genetic models of hypertrophy/hyperplasia and cardiac dysfunction, silent heart (sih) and pickwickm171 (pikm171), having mutations in tnnt2 and ttn, respectively, were reported in Sehnert et al. (2002); Xu et al. (2002). tnnt2 encodes cardiac Troponin T (cTNT), a contractile protein involved in cardiac muscle contraction. Mutations in tnnt2 cause familial HCM (Thierfelder et al., 1994) and DCM (Kamisago et al., 2000). sih mutant hearts are non-contractile, the embryos die at 7 dpf when circulation becomes necessary. Pericardial edema is observed in embryos and sarcomere assembly is disturbed (Sehnert et al., 2002). tnnt2 knockdown zebrafish embryos reveal sarcomeric disarray and cardiac hyperplasia (Becker et al., 2011). ttn encodes Titin, a large sarcomeric protein. Also mutations in ttn cause DCM and HCM (Gigli et al., 2016). ttn mutant hearts contract poorly, edema develops and the embryos die. The absence of titin results in failure of sarcomeric assembly (Xu et al., 2002). These first models, identified from forward genetic mutagenesis screens, demonstrated the value of embryonic zebrafish developing without functional circulation for the study of severe cardiac phenotypes.

Another sarcomere protein, myosin binding protein C (MyBP-C) maintains structural integrity of the sarcomere and regulates cardiac function (McClellan et al., 2001; Harris et al., 2002; Dhandapany et al., 2009; Girolami et al., 2010). MyBP-C dysfunction is associated with HCM (Harris et al., 2002; Girolami et al., 2010). In embryonic zebrafish, knockdown of mybpc3 with morpholinos leads to cardiac hypertrophy, diastolic HF and pericardial edema (Chen et al., 2013). Cardiac hyperplasia was not reported.

As the above examples demonstrate, dysfunction of the sarcomere often leads to HF. In the embryonic lethal zebrafish HF mutant main squeeze (msq) stress-responsive genes are severely down-regulated (Bendig et al., 2006). HF in these mutants is due to a mutation in integrin-linked kinase (ilk), which reduces ILK kinase activity and disrupts binding to a sarcomeric adaptor protein. Cardiac contractility quantified as fractional shortening is rescued by multiple players in this pathway. This study elegantly shows how hearts sense mechanical stretch and respond to it (Bendig et al., 2006).

Noonan syndrome (NS) and LEOPARD (LS) syndrome are developmental disorders caused by autosomal dominant mutations in PTPN11, which encodes Shp2, a ubiquitously expressed non-receptor protein-tyrosine phosphatase that is involved in numerous signal transduction pathways. NS and LS are characterized by congenital heart defects and HCM. To investigate the pathomechanisms of these developmental disorders, NS and LS Hsp2-variants were expressed in embryonic zebrafish, which exhibit elongated heart tubes, reduced cardiomyocyte migration and impaired leftward displacement of the heart (Bonetti et al., 2014). Ciliogenesis and cilia function in Kupffer’s vesicle is impaired, as a result of hyperactivation of MAPK signaling. Inhibition of MAPK signaling prior to gastrulation rescues cilia length and heart laterality defects. This study shows how the pathomechanisms of developmental disorders may be investigated with embryonic zebrafish. Some autosomal-recessive NS patients show variations in Leucine-zipper-like transcription regulator 1 (LZTR1). CRISPR-Cas9 genome editing was used to generate lztr1-mutant zebrafish (Nakagama et al., 2020). These adult zebrafish phenocopy the human disease, showing ventricular hypertrophy and vascular malformations, demonstrating that also adult zebrafish models are relevant for investigating congenital heart disease.

PKD2 encodes polycystin-2 (PC2), a non-selective calcium-regulated cation channel expressed on the endoplasmic/sarcoplasmic membrane and in primary cilia. In cardiomyocytes it participates in intracellular calcium handling. Mutations in PKD2 cause autosomal dominant polycystic kidney disease (ADPKD) (Mochizuki et al., 1996). Knockdown of pkd2 with morpholinos in embryonic zebrafish results in reduced cardiac contractile function and atrioventricular block due to impaired cardiomyocyte calcium cycling (Paavola et al., 2013). PKD2 mutations are associated with DCM, and this study gives insights into possible pathomechanisms of HF associated with ADPKD.

Septins are small GTPases associated with actin filaments and play an important role in cytoskeleton organization. Knockdown of sept7b with morpholinos in embryonic zebrafish reveals reduced expression of actin and sarcomeric disassembly leading to reduced ventricular size and contractility (Dash et al., 2017).

Vascular endothelial zinc finger 1 (vezf1) is a transcription factor regulating vasculogenesis and angiogenesis. Expression of vezf1 is decreased in diseased human and murine myocardium (Paavola et al., 2020). Knockdown of vezf1 with morpholinos in zebrafish embryos impairs cardiac growth and contractile response to beta-adrenergic stimuli suggesting a role for vezf1 in cardiac remodeling (Paavola et al., 2020).

Screening for novel HF-associated genetic variants revealed a potentially damaging variant of tripartite motif containing 55 (TRIM55), encoding an E140K variant. TRIM55 is a protein involved in sarcomere assembly and is highly expressed in heart and skeletal muscle. Deletion of trim55a or overexpression of trim55 E140K with CRISPR-Cas9 reduces cardiac contractility in embryonic zebrafish (Heliste et al., 2020). This study demonstrates the usability of zebrafish as a principal animal model for investigating candidate genes and genetic variants.

GTP-binding protein 3 (GTPBP3) is an RNA modifying enzyme and mutations in GTPBP3 are associated with HCM (Kopajtich et al., 2014). gtpbp3 knockout embryonic zebrafish, generated with CRISPR-Cas9, exhibit impaired mitochondrial translation leading to cardiac hypertrophy, impaired contractility, and myocardial disarray (Chen et al., 2019). These findings recapitulate the clinical phenotype of HCM patients carrying mutations in GTPBP3 (Kopajtich et al., 2014).

Leucine-rich repeat containing protein 10 (Lrrc10) is believed to provide structural framework for protein-protein interactions that are essential during cardiac development. Knockdown of lrrc10 with morpholinos in embryonic zebrafish reveals developmental defects including cardiac looping failure, reduced contractility, pericardial edema and embryonic lethality (Kim et al., 2007). Morphants have less cardiomyocytes, lower ejection fraction, and higher expression levels of atrial natriuretic factor (ANF), whose expression levels are upregulated in cardiac hypertrophy (Rockman et al., 1994).

RNA binding protein, fox-1 homolog (RBFox1), an RNA splicing regulator, is required for postnatal cardiac maturation and is expressed during cardiac development. Knockdown of rbfox1 in embryonic zebrafish with morpholinos decreases ejection fraction and increases pericardial edema (Gao et al., 2016). RBFox1 is required for splicing of transcription factor myocyte enhancer factor-2 (Mef2) family members yielding Mef2 isoforms with varying effects on cardiac hypertrophic gene expression. This study shows that regulation of RNA splicing by RBFox1 is an important player in transcriptome reprogramming during HF.

Neural crest cells migrate to embryonic hearts and transform into cardiomyocytes (Li et al., 2003; Sato and Yost, 2003). In zebrafish ventricles, neural crest-derived cardiomyocytes (NC-Cms) express a notch ligand, jagged canonical Notch ligand 2b (jag2b). Genetic ablation of NC-Cms in embryonic zebrafish reveals altered notch signaling, reduced jag2b expression and changes in trabeculation patterns (Abdul-Wajid et al., 2018). The transgenic NC-Cm-depleted zebrafish survive to adulthood. However, as adults these zebrafish show severe HCM and HF upon exercise stress testing. Adult jag2b mutant zebrafish show similar cardiac phenotype. These are interesting models for investigating adult-onset HCM and stress-induced HF.

Erb-B2 Receptor Tyrosine Kinase 2 (Erbb2) plays an important role in trabeculae formation (Lee et al., 1995; Liu et al., 2010). Trabeculae-deficient erbb2 mutant embryonic zebrafish develop HCM-like phenotype for compensation of aberrant trabeculae formation (Fleming et al., 2018). Rapamycin treatment rescues impaired cardiac contractility and cardiac hypertrophy through the inhibition of target of rapamycin (TOR) pathway. In line with these results, previously a transgenic zebrafish line with dominant negative expression of erbb2 showed DCM-like phenotype and aberrant trabeculae formation (Reischauer et al., 2014). These models enable investigation of the role of trabeculae in cardiac structure and function.

BAG Cochaperone 3 (Bag3) is classified as a cochaperone of the heat shock proteins, thought to assist mainly in degradation of cellular proteins. Mutations in Bag3 cause DCM in humans. Knockdown of bag3 by morpholinos in embryonic zebrafish results in impaired contractility and pericardial edema (Norton et al., 2011). In adult zebrafish, knockout of bag3 with TALEN genome editing technology results in enlarged cardiac chambers, reduced ejection fraction, and activation of mechanistic target of rapamycin (mTOR). Inhibition of mTOR signaling improves cardiac function and hence, could be a target gene for therapeutic treatment of DCM caused by mutations in Bag3 (Ding et al., 2019). However, CRISPR-Cas9 generated knockout of bag3 fails to show a DCM phenotype in adult zebrafish due to compensation by bag2 (Diofano et al., 2020). These studies also demonstrate how genetic compensation may influence the penetrance of disease-causing mutations in vivo, and underscores the importance of comparing various gene-editing techniques and solving possible discrepancies.

Lysosome-associated membrane protein 2 (Lamp2) is a membrane protein localized in lysosomes and endosomes (Ding et al., 2020). Mutations in Lamp2 cause Danon disease in humans, characterized by HCM and accelerated autophagy in tissues. The TALEN-generated lamp2 knockout adult zebrafish exhibit cardiac hypertrophy, reduced ventricular ejection fraction, increased autophagy, reduced physical exercise capacity, and attenuated β-adrenergic contractile response (Dvornikov et al., 2019). Cardiac hypertrophy and impaired contractile function are partially rescued by inhibition of mtor. This study demonstrates the feasibility of modeling inherited HCM in the adult zebrafish.

NADH:Ubiquinone Oxidoreductase Subunit A7 (NDUFA7) encodes a subunit of NADH:ubiquinone oxidoreductase (complex I) in the mitochondrial respiratory chain. Hedgehog acyltransferase-like (HHATL), a sarcoplasmic reticulum resident protein, is highly expressed in the heart and thought to be essential for postnatal muscle maturation (Van et al., 2015). Whole exome sequencing of HCM patients found an association with NDUFA7 and HHATL (Xu et al., 2015). In embryonic zebrafish, knockdown of ndufa7 and hhatla (HHATL ortholog in zebrafish) with morpholinos results in impaired contractility, cardiac hypertrophy, and increased expression of the hypertrophy markers nppa (ANP), nppb (BNP), and vmhc (ventricular myosin heavy chain) (Shi et al.,2020a,b). In both cases, calcineurin signaling is mechanistically implicated.

The heart development protein with EGF-like domains 1 (HEG1) receptor is expressed in endothelial cells and endocardium cells (Kleaveland et al., 2009). HEG1 is an important intercellular adhesion cadherin protein, maintaining cardiovascular function during embryonic development. Embryonic zebrafish heg1 mutants show signs of severe HF (Mably et al., 2003). heg1 knockout zebrafish generated with CRISPR-Cas9 show atrial and ventricular enlargement, slow heart rate and blood flow, and pericardial edema (Lu et al., 2020). The authors used this DCM model for drug screening. However, no data on cardiac contractility is reported.

Skeletal muscle growth 5 (USMG5) encodes Diabetes-associated protein in insulin-sensitive tissue (DAPIT). DAPIT is a component of ATP synthase, playing an important role in energy production. Knockdown of z-usmg5 with morpholinos in embryonic zebrafish results in impaired cardiac contractility, atrial enlargement, and pericardial edema (Nagata et al., 2017). This study suggests that insufficient energy production may lead to a DCM-like phenotype and HF.

Zebrafish mutant tr265/tr265, identified from an ENU mutagenesis screen, has malformed erythrocytes due to a solute carrier family 4 member 1 (slc4a1a) mutation leading to anemia and high-output cardiac stress (Sun et al., 2009). Hearts of the tr265/tr265 mutants show hypertrophy at 4 weeks post-fertilization and hyperplasia later at 16 weeks post-fertilization. This study is the first to show that unlike in mammalian models, both cardiomyocyte hypertrophy and hyperplasia contribute to the cardiac remodeling process in zebrafish. Adult zebrafish carrying mutations in atrial myosin heavy chain (myh6s459) have a weak atrium-phenotype. The atrium remains hypoplastic and shows elastin deposition while mutant ventricles exhibit increased size due to cardiomyocyte hyperplasia (Sarantis et al., 2019). Cardiac growth and vascularization are interlinked during development. Overexpression of the angiogenic factor vegfaa induces cardiac growth with hyperplasia in adult zebrafish (Karra et al., 2018). Gene-trap identified vinculin b (vclb) mutants, that were additionally generated with CRISPR-Cas9 technology, display multiple cardiac defects and abnormal coronary vessel development (Cheng et al., 2016). Epicardium-derived cells including cardiomyocytes overproliferate in vclb mutant fish. These, as well as some of the above-mentioned studies indicate that zebrafish respond to cardiac stress/injury with cardiomyocyte hyperplasia in addition to hypertrophy.

Mitochondrial calcium uniporter (MCU) is the major route for calcium uptake into the mitochondrial matrix (Baughman et al., 2011; De Stefani et al., 2011). Mitochondrial calcium uptake is essential for energy production, cell survival, and is shown to regulate cardiac calcium signaling and physiology (Drago et al., 2012; Wu et al., 2015). Adult zebrafish mcula2446 mutants, generated with TALEN technology, exhibit weakly contracting hypoplastic ventricles, sinus arrest, defects in the conduction system, as well as swollen mitochondria and damaged myofibrils in the ventricles (Langenbacher et al., 2020). This model is relevant for investigating mitochondrial calcium handling in the heart. Atrial fibrillation (AF) is the most common clinical arrhythmia; however, the underlying mechanisms of AF remain incompletely understood. Transgenic cmlc1 (cmlc1 is the zebrafish ortholog of atrial-specific myosin light chain, MYL4) mutant adult zebrafish hearts display disrupted sarcomeric structure, atrial enlargement, and electrical abnormalities associated with human AF (Orr et al., 2016). These findings describe the cause of a rare subtype of AF due to a primary, atrial-specific sarcomeric defect. dcos226 embryonic zebrafish mutants, identified from an ENU mutagenesis screen, develop HF due to interrupted morphogenesis following uncoordinated ventricular contraction, as investigated with optical mapping/calcium imaging (Chi et al., 2010). dco encodes the gap junction protein Gja3/Cx46. Mouse Cx46 mutants show cardiac conduction defects associated with human HF (Chi et al., 2010). This interesting study shows that cardiac electrical forces are required to preserve cardiac chamber morphology and may act as an important epigenetic factor in cardiac remodeling. Together these studies demonstrate the usability of zebrafish to model human arrhythmias and conduction defects.

Non-syndromic mitral valve prolapse (MVP) is a common cardiac valvular disease manifested by mitral regurgitation and HF (Guy and Hill, 2012). Genome-wide association studies have identified candidate genes for MVP (Dina et al., 2015). These include LIM and cysteine-rich domains 1 (LMCD1), a co-regulator of transcription highly expressed in cardiac tissue and a direct regulator of Gata6 in mice (Rath et al., 2005). Knockdown of lmcd1 with morpholinos in embryonic zebrafish results in significantly increased atrioventricular regurgitation (Dina et al., 2015). Another candidate gene, tensin 1 (TNS1), encodes a focal adhesion protein involved in cytoskeleton organization. TNS1 variants have been linked to a rare X-linked form of MVP (Kyndt et al., 2007). Knockdown of tns1 with morpholinos in embryonic zebrafish results in a similar phenotype of atrioventricular regurgitation (Dina et al., 2015). This study demonstrates the feasibility of modeling human valvular heart defects in zebrafish.



DRUG-INDUCED HEART FAILURE MODELS

β-adrenergic receptor (β-AR) signaling is known to be dysregulated in human HF. In rodents, acute or chronic β-AR activation by isoproterenol (ISO) causes myocardial damage leading to cardiac dysfunction and remodeling, hence it represents an established HF model (Grimm et al., 1998; Heather et al., 2009; Wang et al., 2019). In adult zebrafish, chronic ISO-treatment for 14 days induces severe systolic cardiac dysfunction similar to mammals, accompanied by transcriptional changes of β-AR components, increased gene expression of ANP and BNP, increased cell death, elevated inflammation and impaired calcium handling (Kossack et al., 2017). However, as a difference to mammalian models, no fibrosis is detected. In embryonic zebrafish, chronic ISO-treatment for 5 days induces systolic cardiac dysfunction and gene expression of ANP and BNP (Kossack et al., 2017). Thus, ISO stimulation in embryonic and adult zebrafish is feasible for studying the pathophysiological mechanisms underlying cardiac hypertrophy, cardiac remodeling and HF.

Phenylephrine (PE) is selective α1-adrenergic receptor activator. Treatment with PE increases blood pressure and causes cardiac hypertrophy in mice by increasing ventricular afterload (Iaccarino et al., 2001). PE treatment induces hypertrophy in ex vivo cultured adult zebrafish hearts (Romano and Ceci, 2020). Treatment of ex vivo zebrafish hearts with PE induces cardiomyocyte hypertrophy and epicardial hyperplasia as indicated by phalloidin staining of actin filaments and Wilms’ tumor suppressor (WT1, embryonic epicardial marker) staining of the epicardium (Romano and Ceci, 2020). This ex vivo zebrafish cardiac hypertrophy model is similar to mammalian models and may offer advantages for studying cardiac hypertrophy due to easy manipulation of experimental conditions.

Aristolochic Acid (AA) is a phytochemical commonly found in the Aristolochiaceae family of flowering plants. AA is a component of Chinese herbs and is known to be toxic to multiple organs (Huang et al., 2007). In embryonic zebrafish, treatment with AA causes cardiac hypertrophy and gradual loss of contractility. This worsening HF is lethal (Huang et al., 2007, 2014). Histological and electron microscopic studies of the heart samples reveal loss of endocardium, hypertrophy of cardiomyocytes and disorganized cardiac fibers (Huang et al., 2007). The authors also show the potential of this model for drug discovery and identify three compounds that attenuate HF; mitogen-activated protein kinase 1 (MEK-1), a chalcone derivative C25, and a phenolic compound A11 (Huang et al., 2013). Another study, using the same AA-induced HF model, shows that treatment with empagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor, used in the treatment of type 2 diabetes and HF, attenuates cardiac morphological changes, and reduces the expression of BNP and ANP as well as mortality of embryonic zebrafish (Shi et al., 2017).

Exposure to polycyclic aromatic hydrocarbons (PAHs) by pollution associates with cardiac pathologies such as hypertrophy, arrhythmias and contractile dysfunction (Marris et al., 2020). In zebrafish, exposure to PAHs during embryonic development is cardiotoxic and leads to adverse effects on heart development (Hicken et al., 2011; Incardona et al., 2011). A high-ring PAH, benzo[a]pyrene (BaP) causes bradycardia and pericardial edema at high concentrations (Incardona et al., 2011). Exposure to low dose BaP during embryonic development causes cardiac hypertrophy in adult zebrafish as revealed by increased heart weight to body weight ratio, deposition of collagen in the heart, and elevated gene expression of ANP, BNP, and proto-oncogene c-Myc (Huang et al., 2014). Similarly, transient exposure of embryonic zebrafish to low concentrations of crude oil affects heart function at later stages (Hicken et al., 2011).

Phenylhydrazine hydrochloride (PHZ) is a small molecule that induces anemia through lysis of red blood cells (Norman and Mc, 1958). Chronic anemia leads to cardiomegaly resulting from both hypertrophy and hyperplasia in adult zebrafish (Sun et al., 2009). Fractional shortening is reduced and ventricular diameter is increased after 5 weeks of PHZ treatment (Ernens et al., 2018). However, as zebrafish has tremendous capability to recover from HF, cardiac function is restored to baseline levels 3 weeks after PHZ treatment withdrawal. Hence, this model may be used to investigate mechanisms of cardiac repair.

Verapamil is a calcium channel blocker that is used for treating cardiac arrhythmias, hypertension, and angina. Overdose of verapamil causes HF in humans. Zhu et al. (2018) developed a verapamil-induced embryonic zebrafish HF model for drug screening. Treatment with verapamil causes pericardial edema and venous blood congestion with reduced cardiac output and blood flow velocity (Zhu et al., 2018). The model was validated by testing the efficacy of 8 human HF drugs, which all show significant therapeutic effect on the zebrafish HF model. This embryonic zebrafish HF model may thus be used for in vivo drug screening.

Tolterodine, a muscarinic receptor antagonist, has been identified as a modifier of cardiac conduction in embryonic zebrafish (Burczyk et al., 2019). Treatment with tolterodine leads to decreased heart rate, pericardial edema and arrhythmia. Additionally, it induces expression of Tbx18, which is essential for differentiation of contractile cardiomyocytes into pacemaker cells. Targeted inhibition of muscarinic receptors with tolterodine may induce new pacemaker cells in the adult heart and ameliorate cardiac arrhythmias (Burczyk et al., 2019). Thus, this model is useful for investigating the cardiac conduction system.

Terfenadine is a commonly used antihistamine for treating allergies. However, treatment with terfenadine involves a risk of developing arrhythmias. Gu et al. (2017) developed a terfenadine-induced embryonic zebrafish DCM model. Terfenadine treated zebrafish show reduced circulation, heart rate and cardiac contractility, atrioventricular block, pericardial edema and enlarged ventricular area (Gu et al., 2017). Additionally, cardiomyocyte apoptosis and gene expression of BNP are increased. This rapid and simple model may be used for drug screening and toxicity assays for non-ischemic HF.

Anthracyclines are commonly used anticancer drugs with serious side effects including cardiotoxicity. Developmental cardiotoxicity of anthracyclines has been investigated in embryonic zebrafish (Han et al., 2015), which show similar dose-dependent effects on the heart as mammalian models. Doxorubicin is a highly effective anthracycline class chemotherapy agent. A doxorubicin-induced CM model in embryonic zebrafish recapitulates the cardiomyocyte apoptosis and decline in contractility seen in human patients (Liu et al., 2014). This model may be used for screening cardioprotective drugs and investigating cardioprotective mechanisms.



OTHER HEART FAILURE MODELS

As HF commonly develops following cardiac injury, namely myocardial infarction (MI), various models have been developed in zebrafish to model MI. The first model was the ground-breaking observation that zebrafish regenerates its heart after resection of 20% of the ventricle (Poss et al., 2002). After that the cryoinjury model, in which the dead and injured cells remain in the injury area, was developed (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011). The third common method to model MI is genetic ablation of cardiomyocytes driven either by nitroreductase (Curado et al., 2007) or diphtheria toxin (Wang et al., 2011). Additionally, ischemic cardiac injury in adult zebrafish has been induced by hypoxia/reoxygenation (Parente et al., 2013). 15 min in hypoxic conditions results in oxidative stress, inflammation, death and proliferation of cardiomyocytes. Fractional area change decrease measured 1 day post-injury, is fully recovered a month post-injury. These models have been used mainly to focus on the mechanisms of the regenerative capability of the zebrafish heart. This regenerative capability limits using the MI models for investigating chronic HF, as the impaired cardiac function recovers in a few weeks post-injury.

Exercise and physical stress are known to cause adaptive cardiac hypertrophy in humans (Nakamura and Sadoshima, 2018). Conversely, in zebrafish exercise-induced cardiomegaly is the result of hyperplasia, not hypertrophy (Jean et al., 2012). Cardiac function prevails during this adaptive cardiac hyperplasia. Thus, while unable to model HF, this model is relevant for investigating cardiac remodeling. However, others report zebrafish exercise-induced cardiomegaly to result from hypertrophy, oblivious to the possibility of cardiac hyperplasia (Zhou et al., 2020). The authors also describe notable cardiac contractile impairment in the exercised fish. However, no data on this is presented (Zhou et al., 2020). The effects of exercise have been studied in a zebrafish cardiac cryoinjury model (Rovira et al., 2018). Exercise improves cardiac function and scar tissue clearance post-injury, and increases cardiomyocyte proliferation. No cardiac damage or hypertrophy is reported. Additionally, exercise-induced physical stress can be used to bring out the pathological phenotype in those with a genetic predisposition. At baseline phenotypically unremarkable heterozygous zebrafish adults carrying mutations associated with CM in myosin light chain develop HF in response to physical stress (Scheid et al., 2016). This study demonstrates the usefulness of exercise-induced physical stress for revealing pathophysiology when cardiac function remains compensated under resting conditions.

Hyperglycemia predisposes to HF (Bell, 2003). Many zebrafish diabetes models have been published (Zang et al., 2018). In embryonic zebrafish, knockdown of glut12 with morpholinos causes hyperglycemia and HF (Jimenez-Amilburu et al., 2015). However, in this model of diabetic CM, abnormal valve formation and bradycardia are concluded to indicate HF, without showing data on cardiac size or pump function. A hyperglycemia-induced model of diabetic CM in adult zebrafish induces cardiac hypertrophy and impaired diastolic function followed by impaired systolic function (Sun et al., 2017). In another diabetic CM model, hyperglycemia is induced by intraperitoneal streptozocin injections, leading to heart enlargement, arrhythmias, and diastolic dysfunction followed by systolic dysfunction (Wang et al., 2020). These models are relevant for investigating diabetic CM and HF. Additionally, the effects of hyperglycemia on congenital heart defects have been investigated in developing zebrafish embryos (Liang et al., 2010).



DISCUSSION

Heart failure is characterized either by impaired pump/systolic function of the heart [heart failure with reduced ejection fraction (HFrEF)] or impaired relaxation/diastolic function of the heart [heart failure with preserved ejection fraction (HFpEF)] (Ponikowski et al., 2016). HFpEF is becoming the predominant form of HF, and these patients are more likely to be women of advanced age with comorbidities (Dunlay et al., 2017). The etiology of HFpEF remains incompletely understood, and prognosis-improving drugs are lacking. When modeling HF, it is therefore important to characterize its sub-type as accurately as possible. Up until recently, zebrafish HF models have largely remained uncharacterized with regard to diastolic and/or systolic dysfunction. However, characterization of the HF sub-type in adult zebrafish is becoming more common with the development and availability of echocardiography (Lee et al., 2014; Ernens et al., 2016; Wang et al., 2017). For adult zebrafish echocardiography, the time has come to establish guidelines for standardized imaging conditions (anesthesia, water temperature etc.) and criteria for characterizing cardiac function. Additionally, embryonic zebrafish HF models now often elaborate on the sub-type of HF (Chen et al., 2013).

With chronic stress, HF develops slowly during a process of cardiac remodeling. Human adult cardiomyocytes are terminally differentiated, and cannot increase in number in response to stress. Instead, the cardiomyocytes increase in size (cardiac hypertrophy) to maintain sufficient heart function to meet the body’s demands. With time, this adaptive hypertrophy becomes maladaptive and progresses to HF via numerous molecular signaling pathways, which still remain largely elusive (McMullen and Jennings, 2007; Tham et al., 2015). These pathways leading to cardiac remodeling are known to involve modulation of cell growth and proliferation, gene expression (also by non-coding RNAs), immune responses, cellular metabolism, mitochondrial function, fibrosis, impaired intracellular calcium handling (Lou et al., 2012), cell death etc. The question of whether cardiac hypertrophy is beneficial (adaptive) or harmful (maladaptive) continues to trouble scientists (Carabello, 2014). Unlike humans, zebrafish hearts are able to respond to cardiac stress by proliferation of cardiomyocytes (hyperplasia) in addition to growth of cell size (hypertrophy), as shown for high-output cardiac stress due to anemia (Sun et al., 2009) and following ventricular resection (Karra et al., 2018). Quantification of cardiomyocyte numbers and sizes in embryonic zebrafish hearts is relatively straight-forward (Figure 2). Additionally, for quantifying cardiomyocyte number, transgenic zebrafish such as Tg (myl7:DsRed2-nuc) are useful (Miura and Yelon, 2011). This makes zebrafish an intriguing model for investigating the detailed mechanisms of adaptive versus maladaptive cardiac remodeling. However, understanding the similarities and differences of these remodeling pathways in human and in zebrafish is essential.

Zebrafish is a useful model for in vivo high-throughput drug and toxicity screening, and has been used for cardiac drug discovery (Kessler et al., 2015), investigation of drug-induced cardiotoxicity (Zakaria et al., 2018), as well as nanoparticle toxicity (Chakraborty et al., 2016). Importantly, drug-induced effects on the QT-interval show excellent correlation between human and zebrafish (Milan et al., 2006). Drugs used for treatment of HF have been shown to be beneficial for preventing acute HF in an embryonic zebrafish HF model (Zhu et al., 2018). Thus, from a pharmacological point of view, zebrafish offers a relevant vertebrate model for drug-screening and drug-induced HF.

Cardiac electrophysiology, namely heart rate and action potential duration, is qualitatively similar in zebrafish and humans (Arnaout et al., 2007; Nemtsas et al., 2010). The fundamentals of cardiac excitation-contraction coupling, conversion of the electrical signal (action potential) to the mechanical response (contraction), is conserved between humans and zebrafish (Bovo et al., 2013). Combined with the high degree of genetic similarity (Barbazuk et al., 2000), this conserved physiology allows zebrafish to be used for modeling human genetic and acquired CMs (Dahme et al., 2009; Gut et al., 2017; Ding et al., 2020). This supports the use of zebrafish as a first-line animal model for investigating phenotype and physiology of genetic variants, as has been successfully done for human primary genetic CMs: DCM (Shih et al., 2015), HCM (Dvornikov et al., 2018), restrictive cardiomyopathy (RCM) (Louw et al., 2018), arrhythmogenic right ventricular cardiomyopathy (ARVC) (Asimaki et al., 2014), and left ventricular non-compaction cardiomyopathy (LVNC) (Bainbridge et al., 2015).

However, it is essential to acknowledge the caveats of using zebrafish to model human heart disease (Table 1B). When modeling human HF, essential differences in hemodynamics are important to take into account. The zebrafish heart is two-chambered and lacks pulmonary circulation, obviously limiting chances to model human right-sided HF. In fish, ventricular filling during diastole is mainly determined by atrial contraction, as opposed to central venous pressure in humans (Cotter et al., 2008).

Although the fundamentals of cardiac electrophysiology are similar in zebrafish and humans, important differences exist. In zebrafish the balance of inward currents is different; sodium current is lower and calcium current higher than in humans. In repolarization, outward potassium currents differ because the transient outward potassium current and the slow component of the delayed rectifier current are absent in zebrafish (Vornanen and Hassinen, 2016). However, human genetic repolarization disorders, both short and long QT syndromes, have been successfully modeled in zebrafish (Milan et al., 2006; Arnaout et al., 2007; Thorsen et al., 2017). Some have concluded that zebrafish may provide a relevant model for cardiac electrophysiology associated with abnormal repolarization, but may be less suitable for studying depolarization disorders or calcium-modulated arrhythmias (Verkerk and Remme, 2012). Almost half of HF patients suffer sudden cardiac death (SCD) mainly due to ventricular tachyarrhythmias, putting SCD on par with failure of pump function as a cause of mortality in HF (Tomaselli et al., 1994). It follows that a better understanding of zebrafish cardiac electrophysiology and its limitations is needed for relevant modeling of human cardiac electrophysiology and arrhythmias associated with HF.

Impaired calcium handling plays an essential role behind both weakened cardiac pump function and arrhythmias in the failing human heart (Pogwizd and Bers, 2002). Dysregulation of calcium, in addition to triggering arrhythmias by causing afterdepolarizations, is also known to contribute to impaired cardiac function and formation of anatomical substrate for arrhythmias by increased fibrosis (Chen et al., 2005; Nakayama et al., 2007). In human ventricular cardiomyocytes, the majority of calcium responsible for muscle contraction comes from the intracellular stores of the sarcoplasmic reticulum (SR), whereas in zebrafish SR calcium release is limited, accounting for only a fraction of the calcium transient (Bovo et al., 2013). In zebrafish, the main source of calcium for muscle contraction is extracellular calcium, which enters mainly via sarcolemmal T-type calcium channels (Vornanen and Hassinen, 2016; Haverinen et al., 2018). In humans, the sarcolemmal calcium current necessary for calcium-induced calcium release occurs via L-type calcium channels, whereas significant expression of T-type calcium channels is lacking (Gaborit et al., 2007). At the cellular level, adult zebrafish ventricular cardiomyocytes more resemble their neonatal than adult mammalian counterparts. Zebrafish cardiomyocytes are clearly thinner, lack sarcolemmal T-tubules, have lower dependence on SR calcium cycling and larger dependence on sarcolemmal T-type calcium currents for muscle contraction (Haverinen et al., 2018). In healthy mammalian hearts, the force-frequency relationship (FFR) of cardiac muscle contraction is positive, i.e., the force of muscle contraction increases as the heart rate increases. A flat or negative FFR is a hallmark of HF (Pieske et al., 1998). Conversely, FFR is strongly negative in the zebrafish heart (Haustein et al., 2015), likely mainly due to low dependence of excitation-contraction coupling on SR calcium cycling. These differences need to be acknowledged when modeling human HF.

In zebrafish, gene duplication has resulted in gene paralogs that are not present in mammals (Howe et al., 2013). These paralogs may obtain novel or more limited roles, driving evolution and potentially producing genes without mammalian orthologs. Thus, gene duplication confounds the use of zebrafish to model mammalian genetic diseases (Genge et al., 2016). Furthermore, the rapid development or powerful gene-editing techniques necessitates continuous assessment of the advantages and disadvantages of each method. CRISPR-generated knockout of target genes might paradoxically result in milder phenotypes than transient morpholino-generated knockdown of the same target genes, due to transcriptional adaptation-derived compensation, where related genes are upregulated independently of protein feedback loops (El-Brolosy et al., 2019). These findings may help in designing mutant alleles that minimize this genetic compensation. On the other hand, the phenotypes in morpholino-generated knockdowns may be due to off-target or toxic effects of the reagents used knocking down the gene (Schulte-Merker and Stainier, 2014). For distinguishing possible off-target effects of MOs from specific phenotypes, MOs should be used according to established guidelines (Stainier et al., 2017).

Another aspect limiting the usability of zebrafish for modeling human HF is the apparent scarcity of chronic cardiac fibrosis in zebrafish (Gonzalez-Rosa et al., 2011; Sanchez-Iranzo et al., 2018). In addition to proliferation of cardiac fibroblasts and excessive deposition of extracellular matrix, macrophages are implicated in formation of cardiac fibrosis, leading to stiffening of the cardiac muscle (Simoes et al., 2020). In humans, cardiac fibrosis is closely associated with remodeling following cardiac injury such as MI, and is an important factor contributing to development of HF and arrhythmias involving conduction abnormalities (Kashani and Barold, 2005; de Jong et al., 2011; Braunwald, 2013). Fibrosis along with increased heart size delays conduction and contributes to forming an anatomical substrate for reentrant arrhythmias. Although zebrafish lack a specialized His-Purkinje conduction system, they possess ventricular cardiomyocytes expressing cx46, interpreted as the functional equivalent of the mammalian His-Purkinje system (Chi et al., 2010). With small hearts, differences in intracellular calcium cycling, and scarce fibrosis, the anticipated value of modeling structural arrhythmias and chronic cardiac fibrosis related to HF in zebrafish is limited. However, some do report significant chronic cardiac fibrosis in zebrafish (Huang et al., 2014; Sun et al., 2020). In addition to scarcity of chronic cardiac fibrosis in zebrafish, the same applies to lack of cardiac fatty tissue, a hallmark of human arrhythmogenic CM (Gerull and Brodehl, 2020). From another viewpoint, the apparent scarcity of chronic fibrosis and fatty tissue in zebrafish provides an excellent model system for studying the detailed molecular mechanisms of cardiac repair and regeneration, as the increasing research efforts of recent years indicate (Foglia and Poss, 2016; Karra and Poss, 2017; Sanz-Morejon and Mercader, 2020). Therefore, while modeling especially chronic human HF in zebrafish is in many aspects suboptimal, zebrafish provide an excellent model for investigating how to repair and regenerate the diseased heart.



CONCLUSION

Based on genotypic and phenotypic similarities, zebrafish provide a relevant model for investigating CMs and the phenotype/physiology of genetic variants. When its limitations are carefully acknowledged, zebrafish can also be useful for modeling pathological cardiac electrophysiology, and congenital heart disease (Gut et al., 2017). With each model, attention should be paid to characterize cardiac structure and function as accurately as possible, including quantification of cardiac size while distinguishing between cardiac hypertrophy and hyperplasia.

Factors limiting the value of zebrafish HF models for impaired cardiac function and arrhythmias include zebrafish having small two-chambered hearts with scarce fibrosis, and differences in calcium cycling and ionic currents, which lead to differences in hemodynamics and cardiac electrophysiology.

The most interesting zebrafish HF research avenue is the tremendous ability of zebrafish to repair and restore cardiac function of the failing heart and thus recover from HF. Diving into the depths of these molecular pathways with zebrafish will hopefully provide significant insights for advancing treatment of human HF in the years to come.
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Hirschsprung disease (HSCR) has a higher incidence in children with Down syndrome (DS), which makes trisomy 21 a predisposing factor to HSCR. DSCAM and BACE2 are close together on the HSCR-associated critical region of chromosome 21. Common variants of DSCAM and rare variants of BACE2 were implicated to be associated with sporadic HSCR. However, the submucosal neuron defect of DS mouse model could not be rescued by normalization of Dscam. We aimed to explore the contribution of DSCAM and BACE2 to the development of the enteric nervous system (ENS) and HSCR susceptibility. We genotyped 133 tag single-nucleotide polymorphisms (SNPs) in DSCAM and BACE2 gene region in 420 HSCR patients and 1,665 controls of Han Chinese. Expression of DSCAM and BACE2 homologs was investigated in the developing gut of zebrafish. Overexpression and knockdown of the homologs were performed in zebrafish to investigate their roles in the development of ENS. Two DSCAM SNPs, rs430255 (PAddtive = 0.0052, OR = 1.36, 95% CI: 1.10–1.68) and rs2837756 (PAddtive = 0.0091, OR = 1.23, 95% CI: 1.05–1.43), showed suggestive association with HSCR risk. Common variants in BACE2 were not associated with HSCR risk. We observed dscama, dscamb, and bace2 expression in the developing gut of zebrafish. Knockdown of dscama, dscamb, and bace2 caused a reduction of enteric neurons in the hindgut of zebrafish. Overexpression of DSCAM and bace2 had no effects on neuron number in the hindgut of zebrafish. Our results suggested that common variation of DSCAM contributed to HSCR risk in Han Chinese. The dysfunction of both dscams and bace2 caused defects in enteric neuron, indicating that DSCAM and BACE2 might play functional roles in the occurrence of HSCR. These novel findings might shed new light on the pathogenesis of HSCR.
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INTRODUCTION

Hirschsprung disease (HSCR) is a highly heritable disorder, which mainly results from the failure of neural crest cells to fully colonize the gut during embryonic development. The incidence of HSCR is estimated at about 1 out of 5,000 live births worldwide (Amiel et al., 2008; Gui et al., 2017; Tilghman et al., 2019). The sporadic form is the majority and accounts for about 80% of all HSCR cases. Up to 20% of HSCR cases are familial with complex inheritance patterns. In 30% of HSCR cases, patients have coexisting congenital syndrome, the most frequent of which is Down syndrome (DS) (Heanue and Pachnis, 2007). HSCR is a highly heritable disorder caused by multiple factors. Previous genetic studies have identified more than 500 mutations in dozens of genes, and common variants in several genes account for about 25% of the overall genetic risk (Emison et al., 2005; Amiel et al., 2008; Garcia-Barcelo et al., 2009; Jiang et al., 2015; Gui et al., 2017; Tang et al., 2018; Tilghman et al., 2019). These disease genes mainly belong to the receptor tyrosine kinase (RET) activation pathway, the endothelin receptor, type b (EDNRB) signaling pathway, and transcription factors during enteric nervous system (ENS) formation. RET is the most important gene, carrying > 80% of all known risk variants.

It is worth noting that HSCR has an incidence of about 1/40 in children with DS, and the risk of HSCR in the DS population is 50 to 100 times that of the general population (Heuckeroth, 2015; Schill et al., 2019). DS is caused by the trisomy of human chromosome 21, which increases the risk of HSCR, suggesting that one or more genes on chromosome 21 contribute to HSCR etiology (Amiel et al., 2008). In 2009, Korbel and colleagues revealed that a discrete critical region <13 Mb might be involved in DS HSCR by using a state-of-the-art genomics method in DS patients carrying rare segmental trisomies of various regions of human chromosome 21 (Korbel et al., 2009). This study suggested that at least one gene in the interval increased the incidence of HSCR. The HSCR-associated critical region contains about 160 coding genes including DS cell adhesion molecule (DSCAM) and β-secretase 2 (BACE2) (Korbel et al., 2009).

In 2013, an association analysis with 10,895 single-nucleotide polymorphisms (SNPs) in 26 Caucasian DS HSCR cases and their parents identified two associated SNPs (rs2837770 and rs8134673) in intron 3 of DSCAM, and the results were replicated in 220 Caucasian cases with isolated HSCR and their parents (Jannot et al., 2013). Subsequently, the association of DSCAM with isolated HSCR was confirmed in a South Chinese sample set (Wang et al., 2018). These findings suggested DSCAM as a risk gene for HSCR. However, to explore how trisomy 21 affects ENS development, a recent study evaluated the ENS in two DS mouse models, namely, Ts65Dn and Tc1, which are trisomic for many chromosomes 21 homologous genes, including Dscam and Bace2. Both Ts65Dn and Tc1 mice have markedly reduced submucosal plexus neuron number; however, normalizing the copy number of Dscam does not rescue the defect. Therefore, the hypothesis of DSCAM underlying the risk of trisomy 21 for HSCR was challenged (Schill et al., 2019).

A recent whole-genome sequence analysis in 464 patients with sporadic S-HSCR and 498 controls revealed that a significant excess of rare protein-altering variants in BACE2 were associated with HSCR. Knockdown or inhibition of BACE2 rescued migration defects in human embryonic stem cell-derived ENS precursors. Further functional assays suggested that variants in BACE2 had a role in protecting enteric neurons from apoptosis (Tang et al., 2018).

Due to the complexity of DSCAM and BACE2 associations with HSCR risk, it is necessary to investigate the associations in independent samples with high resolution. Thereby, we performed an association analysis with tag SNPs covering DSCAM and BACE2 gene region in a Chinese sample set including sporadic HSCR patients and healthy controls. Zebrafish has emerged as a powerful model to assess the function of candidate HSCR genes on ENS development (Kuil et al., 2020). We further used zebrafish model to test the role of DSCAM and BACE2 in ENS development. Homology searches of the zebrafish genome show that zebrafish have two human DSCAM homologs (dscama and dscamb) and one human BACE2 homolog (bace2). We used overexpression, morpholino-based knockdown, and rescue analysis in zebrafish model to investigate the functions of dscams and bace2 in ENS development.



MATERIALS AND METHODS


Study Populations

A total of 420 unrelated sporadic HSCR patients were studied, which included 322 males and 98 females with the male:female ratio of 3.29:1. Diagnosis of HSCR was based on histopathological criteria for HSCR: (1) absence of enteric plexuses with histological evaluation of the aganglionic tract and (2) increased acetylcholinesterase immunohistochemical staining in the nerve fibers. All patients were sporadic cases and had HSCR as the sole phenotype. Patients were classified into three subgroups based on the segment length of aganglionosis: 323 S-HSCR, 58 L-HSCR, and 39 total colonic aganglionosis (TCA). We randomly selected 1,665 gender- and ethnicity-matched healthy individuals who visited Xinhua Hospital for routine health checkup, as controls including 1,281 males and 384 females (the male:female ratio of 3.34:1). HSCR patients and unrelated controls were all Han Chinese and recruited in Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. The study was performed according to principles of the Declaration of Helsinki, and the study protocol was approved by the institutional review board of Xinhua Hospital (IRB: XHEC-WSJSW-2018-029). All participants or their parents signed an informed consent form. Genomic DNA was extracted from peripheral blood leukocytes using the QIAamp DNA Blood Mini Kit according to the manufacturer’s protocol (Qiagen, Hilden, Germany).



Single-Nucleotide Polymorphism Selection and Genotyping

Two DSCAM SNP (rs2837770 and rs8134673) implicated to be associated with HSCR in previous studies were selected for replication. Tag SNPs were selected using The Genome Variation Server1 based on the HapMap CHB (Han Chinese in Beijing) data. We selected 112 tag SNPs including rs2837770 and rs8134673 with the criteria of minor allele frequency (MAF) ≥ 0.01 and r2 ≥ 0.8 to cover DSCAM region. A total of 21 SNPs were selected to cover BACE2 gene region with the criteria of MAF ≥ 0.01 and r2 ≥ 0.8. We genotyped the 133 tag SNPs to investigate the associations of DSCAM and BACE2 with HSCR susceptibility. SNPs were genotyped using a Fluidigm platform (Fluidigm Corp., CA). Allele-specific fluorescent (FAM or VIC) primers and common reverse primers were employed for genotyping, and EP1 SNP Genotyping Analysis software was used to analyze the data. We placed one duplicate sample to each 96-well sample plate to assess genotyping accuracy.

Association analysis was performed using PLINK 1.09 with additive model (Purcell et al., 2007). The genotype distribution of each SNP was tested for Hardy–Weinberg equilibrium (HWE) in both case and control population. Linkage disequilibrium (LD) structure was examined by Haploview 4.2 program. The functional consequences of the associated SNP were investigated by checking HaploRegv4.1 database (Ward and Kellis, 2011). The study-level significance was P < 0.00038 (0.05/133).



Zebrafish Lines

All zebrafish experiments were performed on AB zebrafish in accordance with protocols approved by the Animal care and Use Committee of Xinhua Hospital. To prevent pigment formation, embryos were treated with 0.003% 1-phenyl-2-thiourea (PTU) (Sigma-Aldrich) at 24 h post-fertilization (hpf) (Qiu et al., 2020).



RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from 15 wild-type zebrafish embryos of different development stages using TRIzol reagent (TaKaRa, Japan). cDNA was synthesized by using the RevertAid Fist Strand cDNA Synthesis kit (Thermo Fisher Scientific, United States). qRT-PCR was performed using SYBR Green (TaKaRa, Otsu, Japan) on a QuantStudio Dx Real-Time PCR Instrument with QuantStudio Dx Software (Applied Biosystems, Foster City, CA, United States). The 18s ribosomal RNA (18-s) gene was chosen as the reference gene (McCurley and Callard, 2008). The relative expression levels of each sample were calculated using the RQ formula (RQ = 2–Δ Δ Cq) (Bustin et al., 2009); and these assays were carried out in three independent triplicates, with final calculations based on the means of triplicate wells. The sequences of primers are shown in Supplementary Table 1.



Whole-Mount in situ Hybridization for Zebrafish

We constructed the antisense RNA probe against dscama, dscamb, and bace2. Total RNA was extracted from zebrafish embryos at 48 hpf, and cDNA was obtained by RT-PCR. Target fragments of dscama, dscamb, and bace2 were amplified using cDNA as template. The primers are shown in Supplementary Table 2. PCR products were run and isolated on 1.2% agarose gel and purified using a QIAquick Gel Extraction Kit (QIAGEN, Germany). The purified products were cloned into pGEM-T Easy Vector (Promega, United States) and used to synthesize antisense RNA probes labeled by DIG RNA labeling mix (Roche, Penzberg, Germany) (Galicia et al., 2018).

Whole-mount in situ hybridization (WISH) was performed as previously described (Cunningham and Monk, 2018). Zebrafish embryos were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) overnight at 4°C, then PFA was removed, and 100% methanol (MeOH) was used to store embryos at −20°C for at least 2 h. Embryos were digested with proteinase K for an appropriate time to allow a better tissue penetration. The embryos were prehybridized for 2–4 h in prehybridized solution without probe at 60°C and then hybridized with Hyb (+) containing 50–200 ng of antisense RNA probes overnight at 60°C. After the probes were removed and strictly washed, embryos were blocked for 1–3 h at room temperature and incubated with Anti-Digoxigenin-AP Fab fragments at 4°C overnight. BM purple AP substrate as developing solution was used to detect the hybridization signals by a microscope (SMZ25, Nikon, Chiyoda, Japan).



In vitro Synthesis of mRNA

The pCS2DEST vector containing the human full-length open reading frame sequences of DSCAM was purchased from Addgene (Edie et al., 2018). The full length of zebrafish bace2 was amplified from total RNA, which was obtained from zebrafish embryos at 48 hpf, and the segment was cloned into pGEM-T Easy Vector and verified by sequencing. The primer sequences for bace2 amplification are as follows: the forward primer 5′-ATGCGGCTCTACGGGCTACTGCTACT-3′ and the reverse primer 5′-TCATGGGACAATCCTGACCTGTGGGA-3′. After linearization of plasmids, the mMessage mMachine kit (Ambion, TX, United States) was used for transcription at 37°C for 2 h, and lithium chloride was used for further precipitation and purification of mRNA.



Micro-Injection of mRNA and Morpholino

Embryonic microinjection was performed into one- to four-cell embryos via a gas-driven apparatus; then the embryos were incubated in 28.5°C up to 5 dpf; and during this period, egg water was changed twice a day, and dead eggs and shed shells were removed. In overexpression experiments, 100 pg of human DSCAM mRNA and 100 pg of bace2 mRNA were injected. Splice-blocking morpholino oligonucleotides (SBMOs) were designed to knockdown the expression of dscama, dscamb, and bace2 (Supplementary Table 3). The target MO and a standard control MO were purchased from Gene Tools, LLC (OR, United States). MOs were diluted to working concentrations (0.125, 0.25, and 0.375 mM) in sterile double-distilled water, and approximately 2 nl/embryo MO was injected into the blastomeres. In morpholino rescue experiments, 100 pg of DSCAM mRNA/embryo and 4 ng of dscama-MO/embryo were co-injected, 50 pg of DSCAM mRNA/embryo and 2 ng of dscamb-MO/embryo were co-injected, and 100 pg of bace2 mRNA/embryo and 4 ng of bace2-MO/embryo were co-injected.

To verify the effectiveness of the splice blocking MOs, gel electrophoresis of PCR products and qRT-PCR were carried out. Total RNA was extracted from SBMO-injected and control MO-injected embryos at 48 hpf (n = 15) using RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA was synthesized using RevertAid Fist Strand cDNA Synthesis kit (Thermo Fisher Scientific, United States). We amplified cDNA sequences across the MO target site by PCR, and the PCR products were visualized by gel electrophoresis (Supplementary Table 4). For qRT-PCR analysis, total RNA was isolated from the 48-hpf embryos (n = 40) injected with the control MO, the splicing MOs, and mRNA synthesized in vitro. The qRT-PCR analysis was performed on a QuantStudio Dx Real-Time PCR Instrument with QuantStudio Dx Software (Applied Biosystems), and the expression of the target genes was normalized to the housekeeping gene 18s (Supplementary Tables 5,6). The relative expression of the target genes in the SBMO-injected or mRNA-injected embryos to control MO-injected embryos was determined using methods reported previously (Bustin et al., 2009).



Whole-Mount Immunohistochemistry

Embryos were raised to 5 dpf at 28.5°C and then fixed overnight by 4% PFA. After a series of washing, decolorization, permeability, and fixation, embryos were blocked with blocking solution for 3 h at 4°C. The HuC/D antibody (Thermo Fisher Scientific, United States) was stained for ENS neurons as previously reported (Sribudiani et al., 2018). Alexa Fluor 488 AffiniPure Goat Anti-Mouse IgG (H + L) antibody (Yeasen, China) was used to incubate with the embryos, and images were acquired by a fluorescence microscope (SMZ25, Nikon, Chiyoda, Japan). The absence or reduction of enteric neurons in the distal intestine was defined as an HSCR-like phenotype (Jiang et al., 2015; Gui et al., 2017). We counted the number of enteric neurons in the most distal six somite lengths from the anal pore.



Protein–Protein Interaction Network Analysis

To explore the potential correlations of DSCAM and BACE2 with members from the RET activation pathway, the EDNRB signaling pathway, transcription factors during ENS formation, and other known disease genes, we construct a network utilized a web-based interface GeneMANIA2 (Warde-Farley et al., 2010). The key genes of RET activation pathway (RET, GDNF, GFRA1, GFRA2, and NRTN), EDNRB signaling pathway (EDNRB, EDN3, and ECE1), two transcription factors (SOX10 and PHOX2B), and three genome-wide association study (GWAS)-reported genes (NRG1, SEMA3C, and SEMA3D), together with DSCAM and BACE2, were analyzed using GeneMANIA.



Statistical Analysis

Statistical analyses were performed with GraphPad Prism 8 (GraphPad Software). All results are expressed as the mean ± standard error. A two-sided unpaired Student t test was carried out for statistical comparison between two groups. P < 0.05 was considered statistically significant.



RESULTS


Association Analysis

Among the 133 SNPs genotyped, nine were excluded due to poor genotyping success rate (<5%). The remaining 124 SNPs had a genotyping success rate >99% and conformed to HWE (P > 0.01). The genotyping success rate of all individuals was above 98%. The distributions of the allele frequencies of these SNPs in HSCR patients and controls are shown in Supplementary Table 7. None of the 124 SNPs passed quality control and reached the study-level significance (P < 0.00038). Twelve intronic SNPs of DSCAM showed suggestive association, with a P < 0.05. None of the 19 BACE2 SNPs met suggestive significance level (P < 0.05; Table 1 and Supplementary Table 7).


TABLE 1. Association of DSCAM SNPs with HSCR risk in 420 unrelated sporadic HSCR patients and 1,665 controls.

[image: Table 1]Two SNPs (rs2837770 and rs8134673) that were reported to be associated with isolated HSCR showed no significant association in the current sample (P > 0.05). These two SNPs were in high LD (r2 = 0.90, Figure 1). The frequencies of associated allele rs2837770 G and rs8134673 G were both 0.54 in Chinese control samples of a previous study, which was similar to the frequencies in the current controls (rs2837770 G, 0.560; rs8134673 G, 0.567; Table 1). The frequencies of rs2837770 G (0.575) and rs8134673 G (0.581) were higher in the current cases than in controls, which showed the same effect direction as a previous study.
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FIGURE 1. Linkage disequilibrium (LD) pattern of 12 DSCAM single-nucleotide polymorphisms (SNPs) with P < 0.05 in association analysis and two previous reported SNPs. The plot was constructed using the program Haploview, and r2 values (×100) between SNPs are shown in the diamonds. r2 values were calculated using data of 420 HSCR patients and 1,663 controls from the current study. r2 values of 1 represent complete LD, r2 values greater than 0.8 represent strong evidence of LD, r2 values of 0.2–0.8 represent moderate LD, and r2 values less than 0.2 represent low LD. Haplotype blocks were determined using the confidence interval method. Two SNPs (rs2837770 and rs8134673) reported associations with isolated HSCR in previous study, and the two most associated SNPs (rs430255 and rs2837756) are highlighted in the red rectangles.


Rs430255 (PAddtive = 0.0052, OR = 1.36, 95% CI: 1.10–1.68) and rs2837756 (PAddtive = 0.0091, OR = 1.23, 95% CI: 1.05–1.43) showed the most remarkable association with a P < 0.01. Rs430255 and rs2837756 are located in intron 19 and intron 3 of DSCAM. Functional annotation revealed that rs430255, rs2837756, and SNPs in high LD with rs2837756 all altered the sequences of multiple transcription factor binding motifs (Supplementary Tables 8,9).

We also performed association analysis stratified by the segment length of aganglionosis. Both rs430255 (PAddtive = 0.0088, OR = 1.38, 95% CI: 1.08–1.76) and rs2837756 (PAddtive = 0.0021, OR = 1.31, 95% CI: 1.10–1.55) showed a slightly stronger association with S-HSCR than with the total cases. However, these two SNPs were not associated with susceptibility to L-HSCR and TCA. The two reported SNPs (rs2837770 and rs8134673) showed no association in the stratification analysis (Table 2 and Supplementary Table 10).


TABLE 2. Stratification analysis of DSCAM SNPs in 420 unrelated sporadic HSCR patients and 1,665 controls.
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Expression Pattern of dscama, dscamb, and bace2 in Developing Embryos of Zebrafish

Our association analysis suggested a role for DSCAM in the susceptibility of HSCR. However, we could not exclude BACE2 as a strong susceptibility gene for three reasons. First, the associated SNPs in DSCAM region might have a long-range regulation effect on BACE2, which is adjacent to DSCAM. Second, rare variants were associated with HSCR risk, which was not assessed in our study. Last, BACE2 has a role in enteric neuron function (Fattahi et al., 2016; Tang et al., 2018). Therefore, we further explored the possible role of both DSCAM and BACE2 in the development of ENS using zebrafish.

We investigated the expression levels of the zebrafish orthologs during early development. A search in the Ensemble database revealed that there were two orthologs of DSCAM, namely, dscama and dscamb, which showed high sequence similarity with the human orthologs (84.9 and 79.5% homology, respectively). Similarly, the sequence of bace2 has 63.1% sequence homology to human BACE2. The qRT-PCR results showed that the expression patterns of dscama and dscamb were similar in the early stages during zebrafish development. The lowest expression levels of the two genes were observed 24 hpf, which increased gradually from 24 to 96 hpf. The expression level of bace2 was lower than that of dscama and dscamb in the embryos of zebrafish (Figure 2A).
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FIGURE 2. Spatiotemporal expression of zebrafish of dscama, dscamb, and bace2 during early embryogenesis. (A) qRT-PCR analysis of relative expression levels of dscama, dscamb, and bace2 in zebrafish embryos from 24 to 120 hpf. (B–M) Whole-mount in situ hybridization in wild-type embryos for dscama (B–E), dscamb (F–I), and bace2 (J–M). Strong expression of dscama (B–E) and dscamb (F–I) was observed in the brain and central nervous system after 24 hpf, and a weakly positive expression signal was observed in the intestinal bulb at 72 and 96 hpf (black arrowheads). (J–K) bace2 expression in the neural crest cells and pigment epithelial cells of the retina at 24 and 48 hpf. A relatively strong expression signal of bace2 was observed in the intestinal primordium after 72 hpf indicated by black arrowheads (L,M). Scale bar for 24 and 48-hpf embryos is 100 μm, and that for 72 and 96-hpf embryos is 500 μm.


We further determined the spatiotemporal expression patterns of the three genes with WISH analysis using antisense nucleic acid probes. The results showed that dscama mRNA was strongly expressed in the midbrain, telencephalon, and diencephalon. At 24 and 48 hpf, widespread dscama expression was observed in the central nervous system (CNS), the hindbrain and spinal cord (Figures 2B,C). The expression pattern of dscamb mRNA was similar to that of dscama (Figures 2F,G). It was known that neural precursors differentiated and began to extend axons and dendrites in these regions (Yimlamai et al., 2005). Of note, dscama and dscamb began to be expressed in the gut tube in zebrafish larvae at 72 hpf (Figures 2D,E,H,I). These results suggested that dscams might play a role in the development of CNS and ENS. We observed that bace2 began to be expressed in the neural crest cells and pigment epithelial cells of the retina from 48 hpf (Figures 2J,K). An expression signal for bace2 was detected in the intestinal primordium at 72 hpf, and the signal was significantly enhanced at 96 hpf (Figures 2L,M). The results indicated that bace2 might have a more significant effect in the intestine than dscams.



Overexpression of DSCAM and bace2 Caused Developmental Defects in the Enteric Nervous System

DS HSCR is caused by the presence of three copies of total or partial chromosome 21. It is assumed that chr 21 transcripts are overexpressed by about 50% in cells with an extra copy of this chromosome. Recent studies have demonstrated an increased transcript level of the three-copy genes for a subset of them (Lockstone et al., 2007; Prandini et al., 2007; Letourneau et al., 2014; Olmos-Serrano et al., 2016). We, therefore, injected hDSCAM and bace2 mRNA into the embryos of zebrafish to test the effect of gene overexpression on the development of ENS. The qRT-PCR analysis showed that the expression of target genes was markedly increased (Figure 3A). Embryos injected with both hDSCAM and bace2 mRNA at 5 dpf exhibited no gross morphological defects and no reduction of enteric neurons in the distal intestine as compared with control embryos (P > 0.05; Figures 3B,C).
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FIGURE 3. Phenotypes of zebrafish embryos with overexpression of DSCAM and bace2. Zebrafish embryos were injected with 100 pg of DSCAM mRNA per embryo and 100 pg of bace2 mRNA per embryo, respectively. (A) The expression levels of dscama, dscamb, and bace2 of mRNA injected embryos were analyzed by qRT-PCR at 48 hpf (∗P < 0.05, ∗∗P < 0.01). (B) No significant difference was found in the neuron numbers of the last six somite lengths of gut between control and mRNA injected embryos at 5 dpf. The HuC/D antibody was used to stain the enteric nervous system (ENS) neurons, and the neuron numbers in the last six somite lengths of gut were counted. Embryos injected with DSCAM mRNA, n = 67. Embryos injected with bace2 RNA, n = 53. Control embryos, n = 28. (C) The overexpression of DSCAM and bace2 caused no obvious defect of enteric neurons in the hindgut.




Knockdown of dscama, dscamb, and bace2 Resulted in Reduction of Enteric Neurons in Zebrafish

DSCAM and BACE2 were not found to be up-regulated in tissues of DS patients or mouse model in previous studies (Lockstone et al., 2007; Prandini et al., 2007; Letourneau et al., 2014; Olmos-Serrano et al., 2016). Additionally, the deficiency of other known HSCR genes accounted for the disease risk (Emison et al., 2005; Amiel et al., 2008; Garcia-Barcelo et al., 2009; Jiang et al., 2015; Gui et al., 2017; Porokuokka et al., 2019). Therefore, we used splicing MO to interfere with the expression of dscama, dscamb, and bace2 in zebrafish embryos to explore the effect of loss of function of the two genes in ENS development (Figure 4). The RT-PCR results confirmed the knockdown of target genes by SBMO, and the expression levels of target genes were significantly reduced in the splicing-MO embryos (Figures 4A,B). Both dscama and dscamb MO injection caused obvious morphological defects in a proportion of embryos, usually manifested as the overall shortening of the embryos and multiple tissue disorders, the most common of which was the shrinking brain and/or curling tail (Supplementary Figure 1). When the two MOs were co-injected, the proportion of abnormal embryos increased and the morphological defects became more serious. Importantly, immunostaining with antibodies against a neuronal marker, HuC/D, showed that the density of enteric neurons was significantly reduced in the distal intestine of dscama MO, dscamb MO, and co-injection morphants at 5 dpf as compared with control MO embryos.
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FIGURE 4. Phenotypes of dscama, dscamb, and bace2 knockdown zebrafish. Embryos at 5 dpf were stained with HuC/D antibody to observe the intestinal neurons. The neuron numbers in the last six somite lengths of gut were counted. (A) RT-PCR confirmation of splice-blocking morpholino oligonucleotide (SBMO) knockdown in embryos at 48 hpf. In dscama morphants, two small fragments were observed. In dscamb morphants, a shorter fragment was produced, and the amount of PCR products decreased. The length of PCR products from mRNA of bace2 morphants was same as control MO-injected embryos, but the amount of PCR product decreased obviously. (B) qRT-PCR analysis of dscama, dscamb, and bace2 mRNA expression after morpholino injection. The target gene expression levels of SBMO-injected embryos were remarkably reduced compared with the controls. (C–E) Compared with the 0.25 mM control MO injection, 0.25 mM dscama MO injection resulted in a decrease in the density of enteric neurons. (F–H) Embryos injected with 0.125 mM of control MO and 0.125 mM of dscamb MO. (I–K) Embryos injected with 0.375 mM of control MO and 0.25 mM of dscama MO + 0.125 mM of dscamb MO. (L–N) Embryos injected with 0.25 mM of control MO and 0.25 mM of bace2 MO. ∗∗∗P < 0.001, *⁣*⁣**P < 0.0001.


Since increasing the amount of morpholino injection led to a higher mortality rate of larvae, for further enteric neurons counting, we chose a dose that could reduce the number of enteric neurons but cause the minimum death rate. The abnormality rate was 13.1% (n = 84) for 0.25 mM of dscama MO injection, while it was 60.0% (n = 60) for 0.25 mM of dscamb MO injection. We decreased the concentration of dscamb MO to 0.125 mM, and the dysmorphic rate became 13.41% (n = 82) but was still effective. Immunostaining results showed that the average number of enteric neurons was 89.53 ± 25.41 in the last six somite lengths of 0.25 mM of dscama MO morphants and 92.83 ± 40.20 in 0.125 mM of dscamb MO morphants. Both were significantly lower than that in embryos injected with control MO (125.4 ± 20.19 for 0.25 mM of control MO, P < 0.0001; 126.90 ± 17.18 for 0.125 mM of control MO, P = 0.0001, Figures 4C–H). When 4.2 ng/embryo dscama MO and 0.125 mM of dscamb MO were co-injected, the reduction of enteric neuron was more significant (85.53 ± 16.02; n = 95) as compared with embryos injected with 0.375 mM of control MO (123.1 ± 24.28; P < 0.0001, Figures 4I–K).

The bace2 morphants injected with 0.25 mM of MO appeared morphologically normal. However, immunostaining analysis showed that the number of enteric neurons was significantly reduced in the distal intestine of bace2 MO morphants 5 dpf as compared with control MO embryos (93.00 ± 17.70 vs. 126.6 ± 26.60; P < 0.0001, Figures 4L–N).



Protein–Protein Interaction Network of DSCAM and BACE2

A protein–protein interaction (PPI) network for the DSCAM and BACE2 with critical signaling pathway genes was constructed, and the correlations were evaluated using the GeneMANIA database (Figure 5 and Supplementary Table 11). DSCAM was co-expressed with GFRA1, NRTN, ERBB4, SOX10, and PAX3 and was correlated with EDNRB, GFRA1, and SEMA3C in terms of genetic interactions. BACE2 was co-expressed with NRG1, ERBB3, and PAX3 and had genetic interactions with EDNRB, GFRA1, EDN2, EDN3, ERBB4, PAX3, and SEMA3C. Further functional prediction revealed that these proteins showed correlations with neural crest cell development [false discovery rate (FDR) = 2.60 × 10–6), neural crest cell differentiation (FDR = 4.07 × 10–6), and neural crest cell migration (FDR = 6.12 × 10–5).
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FIGURE 5. Protein–protein interaction (PPI) network of DSCAM and BACE2. The plot was constructed on GeneMANIA website. The correlations of DSCAM and BACE2 with critical signaling pathway genes were illustrated. The 13 central nodes represent the critical susceptibility genes of HSCR. The surrounded 20 nodes represent genes highly relevant to the central nodes in terms of physical interaction, co-expression, prediction, pathway, co-localization, genetic interactions, and shared protein domains. The color of connecting lines between nodes represents the type of protein–protein interaction (PPI). The color of the node represents the possible functions of the genes.




DISCUSSION

HSCR is a highly heritable disorder. Although many genetic variants were identified in recent years, they explained only a small proportion of HSCR heritability. In this study, we made an effort to clarify the contribution of DSCAM and BACE2 in HSCR-associated critical region at chr 21. Our case–control analysis found that common variants of DSCAM showed suggestive association with HSCR susceptibility, while common variants of BACE2 showed no association. Knockdown the expression of DSCAM and BACE2 caused reduced numbers of enteric neurons in zebrafish. PPI analysis showed that both genes closely correlated with the critical genes involved in ENS development or underlying HSCR pathogenesis.

We did not find the two reported DSCAM SNPs to be associated with HSCR susceptibility, but we identified two novel associated SNPs. Notably, the effect direction of these two reported SNPs was consistent with previous study in Chinese population (Wang et al., 2018). These evidences supported that common variants of DSCAM conferred moderate risk to HSCR susceptibility. A previous study based on whole-genome sequence analysis in 443 cases and 493 controls identified rare variants in BACE2 associated with HSCR (Tang et al., 2018). Our study found no association of common variants of BACE2 with HSCR risk. We did not investigate association of rare variants in BACE2 in the current study. Further studies are needed to investigate associations of both the common variants and rare ones in BACE2 with risk to HSCR. Recent genome-wide association studies for HSCR risk did not report genome-wide significant signal at this locus, which suggested variants at this locus exerting a moderate influence on HSCR risk (Tang et al., 2012, 2018; Jiang et al., 2015). The relatively small sample size is the limitation of current study. Under the assumption of 0.0002 disease prevalence, the significance level of 0.05, and odds ratios of 1.3/1.6 for heterozygotes/risk homozygotes, 420 cases and 1,665 controls could achieve 52.5 and 86.3% statistical power for rs430255 [risk allele frequency (RAF) = 0.821] and rs2837756 (RAF = 0.389). Further increasing the sample size could unravel more HSCR-associated variants.

Both DSCAM and BACE2 are functionally linked with the development of ENS. DSCAM has long been considered an attractive candidate gene for the increased incidence of HSCR in DS patients (Jannot et al., 2013). It encodes a member of the immunoglobulin superfamily that represents a class of neural cell adhesion molecules. DSCAM is widely expressed in the developing nervous system including the neural tube, spinal cord, and most neural crest-derived tissues (Yamakawa et al., 1998; Montesinos, 2014). It plays an important role in vertebrate neural development mediating homophile attraction in neuronal hierarchical targeting, and participating in the process of axon and dendrite self-avoidance and tiling (Hattori et al., 2008; Schmucker and Chen, 2009). In addition, DSCAM and deleted in colorectal carcinomas (DCC) are both receptors of netrin-1, which serves as an important axon guidance cue during neural development (Ly et al., 2008). Netrin-mediated guidance is related to the vertical migration of enteric neural crest-derived cells (ENCDCs), which derive submucosal and pancreatic plexus (Jiang et al., 2003; Ratcliffe et al., 2006). Deficiency of Dcc resulted in loss of submucosal ganglia in gut of mice model (Jiang et al., 2003). Our WISH results are consistent with prior research that dscams were highly expressed in zebrafish CNS, which might explain the underlying mechanisms of the multiple defects of dscams morphants (Yamakawa et al., 1998; Montesinos, 2014). The expression of dscams in developing gut of zebrafish and the abnormalities of ENS caused by dysfunction of dscams indicated their involvement in the pathogenesis of HSCR. Together with previous findings, our results highlighted the importance of netrin-1/DCC/DSCAM pathway in the ENS development and HSCR pathology.

BACE2 has beta-secretase cleavage activity against amyloid precursor protein (APP). Deposition in the brain of the 39- to 43-amino acid APP is a hallmark of Alzheimer disease (AD), a frequent complication of DS patients after the age of 30 years. BACE2 has been considered an important enzyme for AD pathogenesis or therapy (Wang et al., 2019). The accumulation of Aβ in the brain induces neuronal apoptosis, which is a critical step in the etiology of AD (Wang et al., 2019). BACE2 could protect the ENS neurons from undergoing apoptosis by properly processing APP and preventing the Aβ accumulation, indicating that the BACE1–APP–BACE2 pathway might be a causal pathway in the pathogenesis of HSCR (Tang et al., 2018). BACE2 expression in the brain is rather weak. We observed that bace2 morphants showed no gross abnormality, which was consistent with previous studies that Bace2-null mice showed no abnormality (Dominguez et al., 2005). The detection of bace2 expression in gut tube indicated a causal role of this gene in ENS development. Knockdown bace2 could cause reduced enteric neuron numbers in the hindgut of zebrafish, which further supported BACE2 as a HSCR risk gene.

In zebrafish embryos, the enteric neurons occupy the middle and distal intestine at 4–5 dpf, and a few enteric neurons can be observed around the proximal gut at this time (Olsson et al., 2008). The number of HuC/D-positive cells in the proximal gut increased gradually, and the enteric cells were commonly seen in the anterior half of the intestinal bulb after 9 dpf (Olsson et al., 2008). MO knockdown of dscams and bace2 caused the reduction of neurons in the gut, but not aganglionosis in the distal intestine. Considering that if DSCAM and BACE2 have an effect in HSCR pathogenesis, deficiency of the two genes might increase predisposition for the disease. Therefore, in a future study, it would be interesting to investigate what happens if these two genes are knocked down in a genetic compromised background, such as when RET expression is compromised.

Although the occurrence of HSCR in DS patients is 40-fold more common than in the general population of newborns, only about 0.8% of individuals with DS have HSCR (Arnold et al., 2009). Thus, the existence of trisomy 21 does not invariably lead to HSCR. It has generally been assumed that a 1.5-fold increase in gene dosage produces the phenotypes of DS and DS-associated syndrome (Arnold et al., 2009; Schill et al., 2019). Unexpectedly, our results showed that loss of function of the two genes resulted in reduced numbers of neurons in the hindgut. One explanation for this curious finding may be that these two genes may not account for the contribution of trisomy 21 to HSCR risk. A recent study found that the ENS defect in two DS mouse models could not be rescued by normalizing copy number for Dscam, challenging that DSCAM explains increased HSCR risk in patients with DS (Schill et al., 2019). However, it is reasonable that DSCAM plays a role in the pathogenesis of sporadic HSCR, since DSCAM variants were found to be associated with sporadic HSCR risk.

Some of the disease-associated common variants could be simply hidden below the threshold of significance for the relatively small sample size in HSCR association studies. Genetic clues in combination with animal models might help to detect more such susceptibility genes with smaller effect size. Our study provided further evidence in support of the contribution of common variants in HSCR-associated critical region at chromosome 21 to sporadic HSCR susceptibility, and it demonstrated the causal role of DSCAM and BACE2 in defects of ENS. These findings might facilitate disentangling of the complex contribution of this critical disease-associated region to HSCR pathogenesis.
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Inflammatory bowel diseases (IBD) with chronic infiltration of immune cells in the gastrointestinal tract are common and largely incurable. The therapeutic targeting of IBD has been hampered by the complex causality of the disease, with environmental insults like cholesterol-enriched Western diets playing a critical role. To address this drug development challenge, we report an easy-to-handle dietary cholesterol-based in vivo assay that allows the screening of immune-modulatory therapeutics in transgenic zebrafish models. An improvement in the feeding strategy with high cholesterol diet (HCD) selectively induces a robust and consistent infiltration of myeloid cells in larvae intestines that is highly suitable for compound discovery efforts. Using transgenics with fluorescent reporter expression in neutrophils, we take advantage of the unique zebrafish larvae clarity to monitor an acute inflammatory response in a whole organism context with a fully functional innate immune system. The use of semi-automated image acquisition and processing combined with quantitative image analysis allows categorizing anti- or pro-inflammatory compounds based on a leukocytic inflammation index. Our HCD gut inflammation (HCD-GI) assay is simple, cost- and time-effective as well as highly physiological which makes it unique when compared to chemical-based zebrafish models of IBD. Besides, diet is a highly controlled, selective and targeted trigger of intestinal inflammation that avoids extra-intestinal outcomes and reduces the chances of chemical-induced toxicity during screenings. We show the validity of this assay for a screening platform by testing two dietary phenolic acids, namely gallic acid (GA; 3,4,5-trihydroxybenzoic acid) and ferulic acid (FA; 4-hydroxy-3-methoxycinnamic acid), with well described anti-inflammatory actions in animal models of IBD. Analysis of common IBD therapeutics (Prednisolone and Mesalamine) proved the fidelity of our IBD-like intestinal inflammation model. In conclusion, the HCD-GI assay can facilitate and accelerate drug discovery efforts on IBD, by identification of novel lead molecules with immune modulatory action on intestinal neutrophilic inflammation. This will serve as a jumping-off point for more profound analyses of drug mechanisms and pathways involved in early IBD immune responses.

Keywords: inflammatory bowel disease, dietary cholesterol, drug screening and discovery, innate immunity, myeloid cells, dietary phenolic acids, inflammation and immunity


INTRODUCTION

Inflammatory bowel diseases (IBD), like Crohn’s disease (CD), and ulcerative colitis (UC), are chronic inflammatory disorders of the gastrointestinal tract with significant morbidity and mortality worldwide (Burisch et al., 2013). IBD lacks a cure and affects circa 6.8 M people globally, bringing substantial costs to the healthcare system and society (Burisch et al., 2013; GBD 2017 Inflammatory Bowel Disease Collaborators et al., 2019). Although IBD incidence is increasing, disease onset is still unclear. The current view is that IBD arises from the intersection of multiple factors including genetic susceptibility, the intestinal microbiota, aberrant immune responses and environmental insults such as diet (GBD 2017 Inflammatory Bowel Disease Collaborators et al., 2019). This complexity makes the development of effective therapeutic strategies for IBD highly challenging. Coinciding with the occurrence of IBD, the rising consumption of diets high in fat, cholesterol, protein and sugar have been observed in the Western World (Molodecky et al., 2012). A systematic review of 19 studies reveals an association between Western-style diets and a higher risk of developing IBD (Hou et al., 2011). In mice and zebrafish, acute exposure to dietary cholesterol can induce acute innate inflammatory responses, with interleukin-1β (IL-1β)-dependent accumulation of myeloid cells in the intestine (Progatzky et al., 2014). This direct pro-inflammatory effect of ingested cholesterol occurs through inflammasome activation, involving Caspase-1 activity in intestinal epithelial cells for the localized production of IL-1β (Progatzky et al., 2014).

The present mainstay of IBD medical management involves anti-inflammatory drugs (prednisolone and mesalamine), immunomodulators (azathioprine and mercaptopurine), antibiotics and biological agents (Damião et al., 2019). However, none of these medications are curative, or free from having a high number of non-responders and significant side effects (Hossen et al., 2019). Consequently, there is an inevitable need to develop alternative therapeutic approaches to overcome these adverse events. As the innate immune system is known to initiate inflammation (Holleran et al., 2017), a promising therapeutic strategy is to target the innate immune axis at the initial stages of IBD. In fact, classic IBD therapies like mesalamine affect myeloid cell functions in multiple ways (Na et al., 2019). A common bottleneck to drug discovery and translational medicine is finding sufficiently accurate models that reproduce central aspects of disease development and progression. Traditional drug screening models often rely on simple two-dimensional (2D) culture systems that are very far from the complexity of the organs or the whole organism (Jardine et al., 2019). Three-dimensional (3D) tissue surrogates, like human intestinal organoids, have recently emerged as promising strategies to develop multiplexed screening platforms and to advance personalized medicine (Beaurivage et al., 2019). Although these systems may recapitulate the cellular diversity of the human intestinal epithelium, they lack immune cells which are key contributors to normal disease development (Sato et al., 2009; Beaurivage et al., 2019). Co-cultures of intestinal epithelial and immune cells have been explored in trans-well systems using transformed cell lines (Kämpfer et al., 2017); yet those are not sufficient to bridge the translational gap to the clinic. Recently, a 3D tissue system of the large intestine using human biopsy-derived colonic organoids and human primary monocyte-derived macrophages cultured in a 3D sponge scaffold has been developed to allow epithelial-immune interactions reflective of IBD (Roh et al., 2019). Although this system is promising as a lead validation platform, it turns to be quite complex for high- or even medium-throughput screening strategies and lacks the in vivo significance.

In vivo models of IBD have proven invaluable for the understanding of human intestinal diseases. Although, IBD mouse models are highly instructive platforms for investigating disease physiology, they are prohibitive for performing large-scale in vivo compound screens. Instead, zebrafish models of IBD provide a low-cost vertebrate model system for the initial stages of anti-inflammatory discovery programs (Brugman et al., 2009; Oehlers et al., 2011, 2012, 2017). Zebrafish larvae are especially amenable due to their small size, simple manipulation and observation, together with the fact that molecules can be added directly into their liquid media and are rapidly absorbed (Marjoram and Bagnat, 2015). Owing larval optical translucency and the availability of transgenic lines with fluorescently labeled myeloid cells (Lieschke et al., 2001; Buchan et al., 2019), zebrafish offers the unique advantage of monitoring an acute inflammatory response with non-invasive intravital or post-mortem imaging (Oehlers et al., 2012, 2017). This stands to be possible as major mammalian immune signaling mechanisms are considered to be conserved in zebrafish (Stein et al., 2007).

Several chemical-based models of enterocolitis have been adapted from the murine system into larval zebrafish. Zebrafish are especially amenable to chemical induction of gut inflammation, as larvae are simply bathed in the chemical incitant over time, allowing it to be swallowed and to create intestinal damage. Two high-content chemical screens on dextran sodium sulfate- (DSS) and trinitrobenzene sulfonic acid (TNBS)-induced zebrafish enterocolitis models have been performed and identified novel anti-inflammatory drugs suppressing neutrophilic inflammation (Oehlers et al., 2017). However, in DSS and TNBS models, severe toxicity was observed for a total of 14% of compounds (11% for DSS; 3% for TNBS) (Oehlers et al., 2017) and both chemicals induced extra-intestinal effects (e.g., leukocytosis) (Oehlers et al., 2011).

To circumvent these drawbacks, we report here a diet-targeted intestinal inflammation assay in zebrafish, that is highly physiological, easy to work and handle, reproducible and inexpensive. An improvement in the feeding strategy with high cholesterol diet (HCD) selectively induces a robust and consistent infiltration of myeloid cells in larvae intestines that is highly suitable for drug discovery efforts. The use of semi-automated image acquisition and processing combined with quantitative image analysis allows quantifying intestinal neutrophilic infiltration in transgenic zebrafish bearing fluorescently labeled neutrophils. Besides describing the assay as well as its optimization, we validate its applicability in a compound screening platform for the discovery of new immune modulatory molecules with relevance for IBD. Likewise, this assay is suitable for more in-depth analyses of drugs’ mechanisms of action; and may readily provide information on off-target effects at early phases of drug development.



MATERIALS AND EQUIPMENT


Transgenic Zebrafish

1. Tg(Lyz:NTR-mCherry)sh260 (Buchan et al., 2019), kindly provided by Stephen Renshaw lab.



Materials

1. Polystyrene petri dishes (Thermo Scientific P5606-400EA).

2. Glass petri dishes (Fisher Scientific 11760834).

3. Eppendorf microloader pipette tips (Eppendorf 5242 956.003).

4. Disposable graduated transfer pipettes (VWR, 414004-036).

5. Glass pasteur pipettes 150 mm (FriLabo, 5426015N).

6. Beakers 5 mL (VWR 213-0010).

7. Disposable pestle (VWR KT749521-1500).

8. 250 mL sterile containers with lids (Corning 525-3408).

9. 1.5 mL microtubes (Abdos P10202).

10. 2 mL microtubes (Abdos P10203).

11. 12-well plates for tissue culture (VWR 10062-894).

12. 15 mL falcons (VWR 525-0604).

13. 50 mL falcons (Falcon 352070).

14. 10 mL Volumetric Pipettes (Costar Stripette 4488).

15. Pipette tips (Abdos P10102; Ahn myTip P-196816; Sarstedt 70.1131).

16. Aluminum foil (Trato Real).

17. Glass bottom culture dishes for microscopy (VWR 734-2906).



Reagents/Solutions

1. Embryo Medium (E3) supplemented or not with methylene blue (see recipes).

2. Methylene blue (Sigma-Aldrich, M9140; 0.01% w/v prepared in dH2O).

3. NaCl (Fisher Scientific S/3120/65).

4. KCl (Merck Supelco 104936).

5. CaCl2.2H2O (Sigma-Aldrich, 223506).

6. MgSO4.7H2O (Sigma-Aldrich, M1880).

7. MS-222 (25X, 4000 ppm or mg/L; see recipes).

8. Dimethyl sulfoxide (DMSO; Sigma D5879).

9. PBS 1X (see recipes).

10. Na2HPO4 (Biochem Chemopharma 319360500).

11. KH2PO4 (Fluka 60229-1KG-F).

12. Distilled water (dH2O).

13. MilliQ H2O.

14. Cholesterol (Sigma-Aldrich C8667).

15. Diethyl ether (Sigma-Aldrich 296082).

16. Standard zebrafish larval food (Sparos Lda, Zebrafeed <100 μm; Analytical constituents: crude protein 63%, crude fat 14%, crude ash 12%, crude fibre 1.8%).

17. Caspase 1 Inhibitor I (Sigma-Aldrich 400010).

18. Gallic acid (Sigma-Aldrich G7384).

19. Ferulic acid (Sigma-Aldrich 128708).

20. Prednisolone (Sigma-Aldrich P6004).

21. 5-Aminosalicylic acid (5-ASA or mesalamine; Sigma-Aldrich A3537).

22. 4% w/v paraformaldehyde (PFA; Sigma, P6148) dissolved in PBS 1X (see recipes).

23. 1% w/v low gelling temperature agarose (Sigma-Aldrich A9414) dissolved in PBS 1X (see recipes).



Equipment

1. Digital Incubator (VWR 390-0384).

2. Stereoscopes (Leica M125).

3. Fluorescence stereoscope (Zeiss Lumar V12).

4. Motorized and automated inverted microscope (Zeiss Axio Observer).

5. Micropipettes (Gilson).

6. Pipettor (Orange Scientific).

7. Vortex (Scientific Industries G560E).

8. Microcentrifuge (VWR, Galaxy MiniStar 0803-0298).

9. Dry block incubator [Eppendorf Thermomixer Comfort 5355 000.011 (European)].

10. Autoclave.

11. Chemical Hood.

12. Freezer (−20°C).

13. Fridge (4°C).



Software

1. Zeiss Zen 3.0 (blue edition).

2. Huygens Software by Scientific Volume Imaging.

3. Image J 1.52c.

4. GraphPad Prism v.7.



Recipes

1. Embryo Medium (E3)

a. E3 stock (60X): Prepare 1 L by adding 17.20 g NaCl, 0.76 g KCl, 2.90 g CaCl2.2H2O and 4.90 g MgSO4.7H2O to 800 mL distilled H2O (dH2O). Mix well. Adjust the pH to 7.0. Add dH2O until a 1 L total volume. Autoclave and store at 4°C.

b. E3 (1X): Dilute 16.7 mL of E3 60X stock in dH2O to make up 1 L. To supplement with the fungicide methylene blue, add 3.0 mL of 0.01% w/v methylene blue (0.01 g in 100 mL dH2O). Store at room temperature.

2. PBS

a. PBS stock (10X): Prepare 2 L by adding 160.0 g NaCl, 4.0 g KCl, 28.8 g Na2HPO4 and 4.8 g KH2PO4 to 1.8 L MilliQ H2O. Mix well. Adjust the pH to 7.4. Add MilliQ H2O until a 2 L total volume.

b. PBS (1X): Dilute 100 mL PBS 10X stock in 900 mL MilliQ H2O. Mix well and autoclave. Store at room temperature.

3. MS-222 (or Tricaine) solution

a. Tricaine stock (25X): Prepare 500 mL at 15 mM (4000 ppm or mg/L) by adding 2 g MS-222 (Sigma-Aldrich E10521) and 10 ml Tris pH 9 to 400 mL dH2O. Adjust the pH to 7.0. Bring to 500 mL with dH2O. Store at 4°C.

b. Tricaine (1X): To prepare the anesthetizing solution for the larvae, dilute the 25X stock in E3 or E3 supplemented with methylene blue to make up a 0.6 mM MS-222 (160 ppm or mg/L) final solution.

4. 4% paraformaldehyde (PFA) solution

a. Add 4 g of PFA (Sigma, P6148) to 100 mL PBS 1X in the hood.

b. Mix with heat and shake in magnetic plate until it is clear. Adjust the pH to 7.4. Aliquot in 2 mL tubes and store at −20°C.

5. 1% w/v low gelling temperature agarose

a. Add 1 g low gelling temperature agarose (Sigma, P6148) to 100 mL PBS 1X. Heat until is clear. Aliquot in 2 mL tubes and store at 4°C.

b. To be ready to use, heat the aliquot at 85–90°C and then keep it warm at 42°C.



METHODS


High-Cholesterol Diet Gut Inflammation Assay – Establishment and Optimization


Animal Handling

For the high-cholesterol diet gut inflammation (HCD-GI) assay use 6 dpf larvae arising from group matings between heterozygous Tg(Lyz:NTR-mCherry)sh260 (Buchan et al., 2019). Collect embryos by natural spawning and raise them in polystyrene petri dishes at 28°C in E3 medium supplemented with 0.03% methylene blue as an antifungal agent. It is essential to maintain a density of embryos not exceeding 50 per petri dish. Great care should be taken to remove unfertilized eggs and chorions post hatching with a plastic Pasteur pipette under the stereoscope.



Larva Sorting

Check all larvae under a fluorescence stereoscope for homogeneous fluorescent reporter expression, spontaneous inflammation and appropriate age-related development. Larvae are sorted in fresh E3 medium supplemented with 0.03% methylene blue and MS-222 (1X; 160 mg/L). Larva sorting is preferred at about 3 to 4 dpf. If necessary, orient larvae in a lateral position using a flexible Eppendorf Microloader Pipette Tip for better visualization of fluorescent reporter expression. Place larvae in transparent 250 mL containers filled with 50 mL E3 medium supplemented with methylene blue until 6 dpf. Close the containers with holed lids and incubate them at 28°C.



Preparation of Cholesterol-Enriched Diet (HCD) and Control Diets (SP; SPE)

First weigh out 0.05 g cholesterol (Mw = 386.65 g/mol) and 0.45 g standard zebrafish larval food (SP; Sparos Lda; Zebrafeed <100 μm) and place in a 5 mL glass beaker to create a 10% w/w cholesterol-enriched diet, referred here as HCD. Components are homogenized and mixed by adding 1.5 mL diethyl ether that allows cholesterol solubilization. In another glass beaker, 1.5 mL diethyl ether is added to 0.5 g of SP to serve as a control diet (SPE; SP with diethyl ether). Diets are left overnight in the hood for the diethyl ether to evaporate completely and grounded up into fine particles using a pestle the following day.



12-Well Plate Preparation

Pre-add 3 mL of freshly made E3 medium (without methylene blue) to each well with a 10 mL volumetric pipette. A glass Pasteur pipette is required to handle the embryos carefully without inflicting any wounding. Transfer single larva to each well in a minimum E3 volume for about twelve to fifteen larvae per well. Incubate the screening plate at 28°C. For media changes, add 3 mL of E3 medium to each well in a new 12-well plate and transfer larvae.



Feeding Strategy

Zebrafish larvae at 6 dpf are fed for 24 h with SPE control diet or cholesterol-enriched diet, HCD. Feeding occurs at three timepoints during the 24 h, with an interval of at least 6 h (see protocol schematics in Figure 2A; see schedule below). To avoid food deposition, media is replaced before the second feeding time. Food is added to each well with a micropipette tip to create a thin film at the medium surface. After the 24 h feeding period, larvae are transferred to fresh E3 medium (3 mL) where they are kept for 15 h without diet for intestine emptying until fixation. To avoid the presence of any food in the wells during the 15 h period, larvae are transferred twice to E3-filled petri dishes for wash outs and then placed in the wells.


[image: image]

FIGURE 1. The high-cholesterol diet gut inflammation (HCD-GI) discovery platform. Schematic diagram illustrating the screening strategy for compounds modulating inflammation. Individual Tg(Lyz:NTR-mCherry)sh260 larvae, with fluorescent reporter expression in neutrophils, are distributed in 12-well plates with E3 zebrafish (ZF) medium supplemented with the compounds at 25 or 100 μM. After 1 h pre-treatment, larvae are fed with high-cholesterol diet (HCD) for 24 h. Larvae are then transferred to fresh medium supplemented with compounds were are kept for 15 h to allow inflammation and proper intestine emptying to occur. Larvae are finally fixed and imaged. Screening data are processed, and the neutrophilic inflammation index analyzed. Figure performed with images from Biorender.
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FIGURE 2. The HCD-gut inflammation (HCD-GI) assay. (A) Schematic representation of the protocol optimized for the HCD-GI assay in 6 dpf Tg(Lyz:NTR-mCherry)sh260 (Progatzky et al., 2014). (B) Representative images of distal intestine at 15 h following SPE or HCD feeding for a 24 h period. White arrows correspond to mCherry+ neutrophils in the intestines. Yellow arrows correspond to autofluorescence caused by pigments. (C) Image processing used for the quantification of neutrophilic inflammation index (NII) in larvae from (B). NII values for the representative SPE or HCD larvae are shown in red. (D) NII quantification. One representative experiment of n = 12 larvae is shown. Each dot represents one larva. Two-tailed Mann Whitney test. **P < 0.01. Error bars represent SEM. Scale bars = 100 μm. Scheme (A) performed with images from Biorender.


Recommendations:

• The food amount that is provided to larvae is the minimum amount of powder that covers the medium surface (<1 mg). Procedure: 1- Dip a micropipette tip into the larval food so that the powder remains attached to the tip surface. 2 – Beat the tip against the well wall to free the particles into the medium surface.

• Schedule: Feeding 1: 5 pm (6 dpf) → Medium Exchange + Feeding 2: 10 am (7 dpf) → Feeding 3: 4 pm (7 dpf) → Medium Exchange: 5 pm (no diet; 7 dpf) → Fixation: 8 am (8 dpf).

Note:

1. For the Optimization of the HCD-GI Assay, feed 6 dpf zebrafish larvae for 6, 12, or 24 h with HCD or control diets, SP or SPE (see protocol schematics in Figure 3A). Feeding occurs once for the 6 h, twice for the 12 h and three times for the 24 h, always with an interval of 6 h at least for multiple feedings. After the feeding period, larvae are kept for 15 h without diet until fixation.


[image: image]

FIGURE 3. Protocol optimization for the HCD-GI assay. (A) Schematic representation of the optimization protocol used to establish the HCD-GI assay in 6 dpf Tg(Lyz:NTR-mCherry)sh260. (B) Box plots of mean neutrophilic inflammation index (NII) quantification at 15 h following feeding with standard zebrafish larval food (SP) or SP supplemented with the cholesterol solubilizer diethyl ether (SPE). Data were aggregated from one representative experiment of n = 10–12 larvae fed for 6, 12, or 24 h. Total number of averaged larvae is disclosed in parenthesis. Central lines represent median values, whereas box edges represent the 25 and 75th percentiles. (C) Neutrophilic inflammation index (NII) quantification at 15 h following HCD or control diet SPE feeding for a 6- (Progatzky et al., 2014), 12-, or 24 h period. One representative experiment of n = 10–12 larvae is shown. Each dot represents one larva. Error bars represent SEM. (D) Arrow plots of mean NII values. Mean NII of pools of n = 10–12 larvae were calculated for 4–5 independent experiments and represented by dots. SPE – Black dots; HCD – Red dots. The gray dashed arrows indicate the difference between mean NII in SPE- and HCD-fed animals in individual experiments. Two-tailed Mann Whitney test. **P < 0.01; n, non-significant. Scheme (A) performed with images from Biorender.




Fixation

Larvae are anesthetized in E3 supplemented with tricaine (160 mg/L; E3/T) directly in the wells and transferred in a minimum volume to 2 mL microtubes containing 1 mL 4% PFA solution. Incubate larvae overnight at 4°C covered with aluminum foil to prevent them from losing fluorescence. Rinse them in PBS at least three times and store them in PBS at 4°C with aluminum foil until imaging.



Larvae Mounting and Imaging

Larvae are mounted lateral side down in 1% low gelling temperature agarose dissolved in PBS, over glass bottom culture dishes and overlaid with PBS for imaging. Use a flexible Eppendorf Microloader Pipette Tip to orient larvae in a lateral position for better visualization of fluorescent reporter expression. Z-stack acquisition is performed with Zeiss Zen 3.0 (blue edition) software for multipositions in an automated and motorized inverted microscope (Zeiss Axio Observer) using a 10× objective (NA 0.3) and a mercury lamp. Position the larvae to have the more distal part of the intestine centered anterior posteriorly and dorsal ventrally in the image. Set the lumen of the gut as the z-center level. Image each larva in the channels brightfield and mCherry (ex: 585 nm, em: 610 nm band pass filters) in 49 focal planes (149 μm range; 3 μm z step) so that all the gut depth is visible.



Image Processing and Analysis


Image deconvolution

Raw mCherry Z-stacks are deconvolved with the Huygens Essential 20.04 (Scientific Volume Imaging, Netherlands,1), using the classic maximum likelihood estimation (CMLE) algorithm, with signal to noise ratio (SNR) of 40, estimated background 250, 50 iterations and a quality threshold of 0.01. The software calculates a theoretical point spread function (PSF) to deconvolve the images. A wide variety of parameters were first tested and the ones used provided the best signal improvement without artifacts.



Quantification of the neutrophilic inflammation index

The quantification of the neutrophilic inflammation index (NII) was performed using Fiji (ImageJ) after image deconvolution (see image processing and analysis pipeline in Supplementary Figure 1; see example in Figures 2B,C). Maximum intensity projection (MIP) images from 49 focal planes are generated for each of the channels. Guts are manually drawn using the brightfield MIP image to create a gut region-of-interest (ROI). Care is taken to exclude pigments from the gut ROI. The mCherry MIP image is manually thresholded to create a mask for the red fluorescent leukocytes, reflected as red pixels in the image. Finally, the area fraction of the red pixels in the gut ROI is obtained with the Measurement > Area Fraction tool to calculate the percent area occupied by neutrophils in the defined area of the intestine, i.e., the NII.



Statistical analysis

Statistical analysis was performed in GraphPad Prism v7 and statistical significance was considered for p < 0.05. Comparison between samples was performed by a nonparametric Mann–Whitney test.



Potential Applications

The new HCD-GI assay is highly physiological and suitable for translational, cellular or molecular applications, specifically:

(i) To develop a drug-discovery platform with relevance for IBD. This assay can be exploited to test molecules for their effect on the initiation step of intestinal neutrophilic inflammation in the context of drug-repurposing or new compound screens;

(ii) To identify dosage, tolerance, toxicity or off-target effects of leads at early stages of drug development;

(iii) For in-depth analyses of drug signaling mechanisms involved in the orchestration of innate immune responses in IBD. The signaling pathways underlying HCD-induced intestinal innate inflammation are well characterized in zebrafish (Progatzky et al., 2014). These are a solid base for successive investigation of leads’ activity at a molecular level;

(iv) To identify mutations affecting leukocyte migration during intestinal inflammation.



HCD-GI Discovery Platform

We have developed a drug-discovery platform with relevance for IBD (i) – the HCD-GI discovery platform (see schematics in Figure 1 and Figure 4A) -, which can be used to test any soluble drug, signaling inhibitor, natural compound or small molecule. For a first-pass screening strategy, we suggest exposing the larvae to the compounds at two different concentrations (25 and 100 μM) throughout the whole assay. This is a good treatment option that increases the chance of identifying as many compounds as possible targeting an intestinal inflammation process at its initiation step. Based on the NII, the effects of the compounds can be evaluated at the end of the assay and categorized as anti- or pro-inflammatory. Importantly, Caspase 1 Inhibitor is used as an effective anti-inflammatory drug control of the screening platform whose molecular action is well-described (Progatzky et al., 2014). This inhibitor blocks IL-1β production in intestinal epithelial cells after HCD-exposure, a cytokine important for intestinal myeloid cells’ infiltration in this model (Progatzky et al., 2014).
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FIGURE 4. The HCD-GI discovery platform reveals an anti-inflammatory action of gallic acid (GA) and ferulic acid (FA) on zebrafish intestinal neutrophilic inflammation. (A) Schematic representation of the HCD-GI discovery platform in 6 dpf Tg(Lyz:NTR-mCherry)sh260. (B) Box plots of neutrophilic inflammation index (NII) analysis at 15 h following SPE or HCD feeding for a 24 h period in larvae untreated or treated with DMSO at different concentrations. Central lines represent median values, whereas box edges represent the 25 and 75th percentiles. Data were aggregated from 3 (DMSO: -) or 1 (DMSO: 0.01 or 1%) screening replicates and pools of n biologically independent animal experiments disclosed in parenthesis. (C) Chemical structures of GA and FA. (D) Representative images of distal intestine in GA, FA, or 1% DMSO-treated larvae. Caspase 1 Inhibitor I (Casp1) at 100 μM is used as positive anti-inflammatory control. White arrows correspond to mCherry+ neutrophils in the intestines. Yellow arrows correspond to autofluorescence caused by pigments. The intestine is outlined in green. Scale bars, 100 μm. (E) NII analysis in GA, FA, or DMSO-treated larvae. Data are presented as mean values ± SEM. Data were aggregated from 3 (SPE and HCD), 2 (Casp1), or 1 (GA and FA) screening replicates and pools of n biologically independent animal experiments disclosed in parenthesis. Kruskal–Wallis test (one-way ANOVA on ranks) was used for multiple comparisons. ****P < 0.0001; ***P < 0.001; *P < 0.05; ns, non-significant. Scheme (A) performed with images from Biorender.


Preclinical proof-of-concept of the platform is exemplified by testing the effects of gallic acid (GA) and ferulic acid (FA) on HCD-driven intestinal inflammation phenotype. GA and FA are active compounds found in many fruits and plants and exhibit anti-inflammatory protective effects in mouse models of IBD (Sadar et al., 2007; Pandurangan et al., 2015; Kandhare et al., 2016; Hossen et al., 2019; Zhu et al., 2019; Yang et al., 2020). After a first pass screening strategy, GA and FA are validated in dose-response experiments to find their IC50 and the lowest concentrations at which they are active. Notably, the clinical fidelity of our IBD-like platform is ultimately demonstrated by monitoring the effects of common IBD therapeutics, namely mesalamine and prednisolone (Oehlers et al., 2011, 2017), in NII values.

Animal Handling, Larva Sorting, Preparation of Diets, Fixation, Imaging and Image Processing and Analysis are performed as described in HCD-GI Assay – Establishment and Optimization.


Preparation of Compounds

First weigh out all the compounds under test (here exemplified for GA and FA) and the screening control (Caspase 1 Inhibitor I). Prepare 10 mM stock solutions in DMSO. Make aliquots to eliminate the need to expose compounds to repeated freeze/thaw cycling. Make DMSO aliquots for the negative and diet controls. Protect them from light and store at −20°C.



12-Well Plate Preparation With the Compounds

Pre-add 2.970 or 2.992 mL of freshly made E3 medium to each well, in accordance with the volume of compound that will be added. Mix compounds in the stock aliquot three times by pipetting up and down or by vortexing. Add 30 μl (for 100 μM solution) or 7.5 μl (for 25 μM solution) compound stock to each well and mix medium in wells four times to ensure homogenous distribution of the compound within the well. Transfer single larva with a glass pipette to each well in a minimum E3 volume for about twelve to fifteen larvae per well. Incubate the screening plate at 28°C covered with aluminum foil to protect compounds from light. For media changes, use the same procedure.

Recommendation:

• Keep minimal the amount of medium that is added to the wells during larvae transfer to avoid diluting the screening solutions. Use glass Pasteur pipettes with a very small hole and let larvae accumulate in groups at their tips and swim directly to the medium.



Screening Controls

Treatment with 30 μl DMSO (or 1% DMSO; vehicle) in SPE-fed larvae is used as diet control. 1% DMSO in HCD-fed animals works as negative control. Caspase 1 Inhibitor I (30 μl; 100 μM solution) in HCD-fed animals is used as positive anti-inflammatory control (Progatzky et al., 2014).



Feeding and Treatment Strategies

Zebrafish larvae at 6 dpf are fed for 24 h with HCD in the presence of 25 or 100 μM compounds. Feeding occurs at three timepoints during the 24 h, with an interval of at least 6 h (see protocol schematics in Figure 1 and Figure 4A; see schedule below). The first feeding event occurs 1 h after larvae pretreatment with the compounds. To avoid food deposition and compound degradation, E3 media with 25 or 100 μM compounds is replaced before the second feeding time. After the 24 h feeding period, larvae are transferred to fresh E3 medium supplemented with the compounds at 25 or 100 μM where they are kept for 15 h without diet until fixation. To avoid the presence of any food in the wells during the 15 h period, larvae are transferred twice to E3-filled petri dishes for wash outs and then placed in the wells.

Recommendations:

• The food amount that is provided to larvae is the minimum amount of powder that covers the medium surface (<1 mg) (see HCD-GI Assay – Feeding strategy).

• After adding the food, let the larvae at room temperature with little light for 1 h. This ensures feeding to occur and avoids degradation of compounds with light. Then, incubate the screening plate at 28°C covered with aluminum foil until the next feeding or medium exchange event.

• Schedule: Treatment 1: 4 pm (6 dpf) → Feeding 1: 5 pm (6 dpf) → Medium exchange/Treatment 2 + Feeding 2: 10 am (7 dpf) → Feeding 3: 4 pm (7 dpf) → Medium exchange/Treatment 3: 5 pm (no diet; 7 dpf) → Fixation: 8 am (8 dpf).



Dose-Response Experiments and Clinical Validation

For dose-response experiments or clinical validation adapt the volumes of E3 and compounds appositely in 12-well plate preparation with the compounds and in HCD-GI discovery platform. All stock solutions are prepared in DMSO at 10 mM concentration, apart from mesalamine, for which a 131 mM stock solution is prepared.



Statistical Analysis

Statistical analysis was performed in GraphPad Prism v7 and statistical significance was considered for p < 0.05. Non-parametric Kruskal–Wallis test (one-way ANOVA on ranks) was used for multiple comparisons. The half maximal inhibitory concentration (IC50) was calculated based on a nonlinear regression using a four-parameter variable slope.



(EXAMPLE) RESULTS


The HCD-GI Assay

The HCD-GI assay is a simple, reproducible, economic and physiological model of innate intestinal inflammation with powerful applicability for a compound discovery platform in the whole organism system (Figure 1). Neutrophilic distribution is a generally used live readout of inflammation in larval zebrafish enterocolitis models (Oehlers et al., 2017). Under physiological conditions, neutrophils are primarily located in the caudal hematopoietic tissue (CHT) in the zebrafish larvae (Guyader et al., 2008). Exposure to chemical or environmental gut incitants causes a qualitative shift in neutrophil localization to the intestine (Oehlers et al., 2011; Progatzky et al., 2014). Examination of this phenotype for medium or high-throughput and high-content (HT/HC) efforts allows the identification of compounds exacerbating inflammation (pro-inflammatory) or inhibiting it (anti-inflammatory). Here we use dietary cholesterol as a highly physiological trigger of intestinal inflammation in zebrafish larvae (Progatzky et al., 2014). In contrast to chemically induced zebrafish enterocolitis models, dietary cholesterol targets inflammation selectively to the intestine when added acutely (Progatzky et al., 2014) and the chances of compound-induced toxicity are low.

Prior reports have revealed that zebrafish larvae fed for 6 h with dietary cholesterol develop acute innate inflammation with myeloid cell infiltration in the intestines (Progatzky et al., 2014). Significant differences in myeloid cell accumulation were only found using doses of 4% cholesterol with groups of about 30 larvae, and power calculations determined significant differences for 2% cholesterol when using n = 190 (Progatzky et al., 2014). Since these numbers are too high for a screening platform, we here develop an improved feeding strategy with more robust and adequate immune responses for this type of application.

In the HCD-GI assay, 6 dpf larvae are fed ad libitum three times during a 24 h period with 10% w/w cholesterol-enriched diet (HCD) or control larval diet (SPE; prepared as HCD but without cholesterol addition; see recipes) (Figure 2A). The assay is performed in Tg(Lyz:NTR-mCherry)sh260 larvae, where neutrophils are marked by the expression of monomeric Cherry (mCherry) (Buchan et al., 2019) (Figure 2A). We monitor the presence of mCherry+ neutrophils in larval intestines 15 h post feeding (Figure 2B). We choose this timepoint of observation for two main reasons: (1) To ensure perfect intestine emptying after feeding; (2) A peak of inflammation has been proposed to occur 15 to 18 h post HCD feeding and to resolve at about 24 h (Progatzky et al., 2014). Brightfield and mCherry images are collected and the quantification of NII is performed using Fiji (ImageJ) after image deconvolution. Briefly, the gut area is manually drawn. Then, a threshold is applied to the mCherry image to reduce the operator bias (Image – Adjust – Threshold). Finally, the area fraction of the mCherry pixels in the intestine is obtained with the Measure tool (Set Measurements > Area Fraction), and this value corresponds to the NII (Figure 2C and Supplementary Figure 1). Taking into account the intrinsic variability in food intake by larvae during feeding we show the robustness of our protocol using a sample size n of about 12 larvae. We observe a strong inflammatory response in HCD-fed animals compared to SPE controls using groups of only 10 to 12 larvae (Figure 2D). These numbers are perfectly compatible with screening strategies.



Protocol Optimization

For prior protocol optimization, a range of feeding times – 6, 12, and 24 h – were tested to establish the time that causes the strongest and most consistent inflammation with HCD (Figure 3A). 6 dpf larvae were fed ad libitum for 6 to 24 h with HCD or control larval diets. As control larval diets we tested standard zebrafish larval food (SP) or SP supplemented with diethyl ether (SPE), the organic solvent that helps solubilizing cholesterol in the cholesterol-enriched diet, HCD. At first, we looked whether the diethyl ether could non-specifically induce an inflammation phenotype. To this aim, we compared the inflammation index NII in SPE and SP groups aggregating the data from all feeding times. No significant differences were detected between these control groups (Figure 3B). This suggests that the phenotype observed in HCD-fed animals is highly specific to cholesterol enrichment and discards any effect of the organic solvent in the observed inflammation phenotype. Since the diethyl ether is left to evaporate overnight from the diet this result is expected. Thus, we use SPE as the proper control diet in the HCD-GI assay. Secondly, by comparing HCD-fed animals with SPE controls for the different feeding times, significant differences in the inflammation index occur after 12 or 24 h feeding using groups of 10 to 12 larvae (Figure 3C). Still, we favor the 24 h versus the 12 h feeding strategy for the HCD-GI assay because: (1) The strength of inflammation in HCD-fed animals relative to SPE controls is comparably higher (Figures 3B,C); (2) The increase of inflammation observed in HCD-treated animals respect to SPE controls is more consistent and reproducible (Figure 3D); (3) The success of individual experiments is a mandatory factor for a reliable discovery platform (Figure 3D).



Applications: The HCD-GI Discovery Platform

To demonstrate the potential of our model for screening strategies, we developed the HCD-GI discovery platform (Figure 4A). In our platform, the HCD-GI assay is performed in the presence of the compounds throughout all the procedure. We opt for a prolonged compound treatment to increase the chances of identifying molecules with putative actions at the onset of intestinal inflammation. We also choose to employ the compounds at two different concentrations to avoid an erratic exclusion of compounds with no activity at the lowest one. With this strategy we can also find an initial range of action for each compound, to use in successive dose-response experiments. Therefore, we test a concentration commonly used in zebrafish drug screens - 25 μM (Rennekamp and Peterson, 2015) -, and also a higher concentration – 100 μM -, that turns to be useful when testing natural compounds with low toxicity and, possibly, lower activity (Figure 4A).

For the HCD-GI discovery platform, we use a sample size n of 12 to 15 larvae, and we prepare duplicates of control samples to provide robustness to the data. Since all compound stocks are dissolved in DMSO, we first determined if the concentration of the vehicle could non-specifically generate an inflammatory phenotype. In a dose-response analysis ranging from 0.01–1% DMSO, concentrations up to 1% have no effect in the neutrophilic inflammation index, NII (Figure 4B). Being 1% DMSO the highest concentration present in the liquid media of the animals under test (when exposed to compounds at 100 μM), we use it as a vehicle control in HCD- and SPE-fed larvae (see samples below). On the other hand, we use Caspase-1 inhibitor as the anti-inflammatory drug control of the platform, whose molecular action blocking HCD responses is well-known (Progatzky et al., 2014).

In summary, samples in the platform are:

(i) Control diet: SPE + 1% DMSO.

(ii) Negative control: HCD + 1% DMSO.

(iii) Anti-inflammatory drug control: HCD + Caspase 1 Inhibitor I (100 μM final concentration).

(iv) n compounds under test: HCD + n compounds (25- or 100 μM final concentration).

As a proof-of-concept for the HCD-GI discovery platform, we test two natural compounds, namely gallic acid (GA) and ferulic acid (FA), with known antioxidant and anti-inflammatory actions in mouse models of IBD (Figure 4C; Chaudhary et al., 2019; Kahkeshani et al., 2019). As expected, HCD-fed larvae show a strong inflammatory response with respect to the SPE counterpart. This inflammatory response is efficiently reduced to basal levels in the presence of Caspase-1 inhibitor, the anti-inflammatory drug control of the platform (Figures 4D,E). Interestingly, the dietary phenolic acid GA reveals an anti-inflammatory action at 100 μM comparing to HCD-fed animals (Figures 4D,E). Notably, FA shows a comparably more potent anti-inflammatory activity, strongly reducing NII at 25 μM (Figures 4D,E).



Applications: Dose Response Analyses and IBD Therapeutics

Successive dose-response analyses with GA and FA allow validating these results as well as identifying the lowest concentration at which these compounds are active and their IC50 (Figures 5A,B). Both compounds reveal an increased anti-inflammatory action with increasing molecular concentrations (Figures 5A,B). GA is only anti-inflammatory at 100 μM based on NII values (Figure 5A), having a IC50 of 44.13 μM. We also confirm that FA is a highly potent active molecule. It evokes an anti-inflammatory response in the HCD-GI model at concentrations as low as 10 μM (Figure 5B), having a half maximal inhibitory concentration (IC50) of 8.10 μM. Importantly, FA shows some toxicity at 100 μM, with certain larval suffering or death.
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FIGURE 5. Dose-response anti-inflammatory action of gallic acid (GA) and ferulic acid (FA) using the HCD-GI assay. (A) Neutrophilic inflammation index (NII) in DMSO or GA-treated larvae. Data were aggregated from 3 (HCD), 2 (SPE, GA25, and GA100) or 1 (GA10 and GA50) experimental replicates and pools of n biologically independent animal experiments disclosed in parenthesis. (B) NII in DMSO or FA-treated larvae. Data were aggregated from 6 (SPE and HCD), 3 (FA25 and FA100) or 2 (FA5 and FA10) experimental replicates and pools of n biologically independent animal experiments disclosed in parenthesis. Data are presented as mean values ± SEM. Kruskal–Wallis test (one-way ANOVA on ranks) was used for multiple comparisons. ****P < 0.0001; *P < 0.05; ns, non-significant.


To illustrate the effectiveness of the HCD-GI platform in identifying immunomodulatory molecules with relevance for IBD, we evaluate the effect of common IBD therapeutics (prednisolone and mesalamine or 5-ASA) on the NII phenotype (Oehlers et al., 2011). The prescribed IBD drugs were employed in the platform at concentrations equal or lower to the ones reported in larval zebrafish enterocolitis models (mesalamine = 0.33 mM; prednisolone 25 μM) (Oehlers et al., 2011). Treatment with mesalamine reveals a strong anti-inflammatory action when compared to HCD-fed animals. NII levels in mesalamine-treated larvae are even below the diet control SPE (Figure 6). In basal conditions, commensal microbiota stimulates neutrophil migration and infiltration in zebrafish larval intestines (Kanther et al., 2014). It is possible that mesalamine exerts an anti-microbial effect impairing the homeostatic recruitment of immune cells into the intestine (Kaufman et al., 2009). On the other hand, administration of prednisolone was successful at reducing the recruitment of leukocytes to the intestine of HCD-fed larvae up to basal NII levels. These results validate the fidelity of the IBD-like neutrophilic inflammation phenotype in our model and its suitability for testing clinical grade molecules.
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FIGURE 6. Treatment with conventional IBD therapeutics reduces the neutrophilic inflammation index. Neutrophilic inflammation index (NII) analysis in prednisolone (25 μM), mesalamine (5-ASA; 0.33 mM) or 1% DMSO-treated larvae. Data were aggregated from 2 (HCD) or 1 (SPE, Prednisolone, and 5-ASA) experimental replicates and pools of n biologically independent animal experiments disclosed in parenthesis. Data are presented as mean values ± SEM. Kruskal–Wallis test (one-way ANOVA on ranks) was used for multiple comparisons. ****P < 0.0001; **P < 0.01; ns, non-significant.




Further Applications and Advantages

Apart from monitoring immune cells infiltration, several techniques can be applied to the HCD-GI assay to deeply investigate the underlying mechanisms of a drug discovery portfolio. A panel of anti- (e.g., IL-4 and IL-10) and pro-inflammatory [e.g., IL-1β and IL-6, Tumour Necrosis Factor-α (TNFα)] cytokines can be analyzed by quantitative polymerase chain reaction (qPCR) in intestinal cells or by enzyme-linked immunosorbent assay (ELISA) of the intestines’ supernatant. Moreover, the levels of reactive oxygen species (ROS), TNFα, IL-1β and Nuclear Factor kappa B (NF-κB)-signals, known to be upregulated in HCD-driven inflammation (Progatzky et al., 2014), could be singly monitored by using specific transgenic lines fed with HCD (Kanther et al., 2011; Enyedi et al., 2013; Marjoram et al., 2015; Ogryzko et al., 2018). On the other hand, leads can be validated in diet-based murine models of IBD (Progatzky et al., 2014) or in more humanized 3D tissue systems of the large intestine mimicking epithelial immune interactions reflective of IBD (Roh et al., 2019). This would allow validating the human relevance of leads.



Pitfalls and Troubleshooting

The HCD-GI assay is highly sensitive and selective and is based on an unbiased quantification system (Figures 2B,C and Supplementary Figure 1). Being the most error-inducing step of the analysis performed manually, the operator can check the data blindly and analyze the results for errors. One of the confounding factors is the presence of red autofluorescence in the pigmented cells that are localized close to the intestine. If not excluded properly, those pigments introduce artifacts in the NII value, overestimating it. On one side, we can opt to employ phenylthiourea (PTU) during larval development, a potent tyrosinase inhibitor commonly used to suppress pigment formation in zebrafish. Yet, PTU can introduce another level of complexity to the system, as this chemical can potentially interfere with the compounds under test. We bypass this pitfall by manually drawing the intestinal area and excluding the pigments from the NII quantification (Figures 2B,C and Supplementary Figure 1). Still, it is important to avoid the introduction of bias from the operator in this step. Manual analysis should then be performed by two independent and highly trained operators.

Another limitation of the method is that although the quantification procedure is very sensitive it is manual. This can be easily circumvented to allow a fully automated image analysis suitable for high-throughput and high-content (HT/HC) screens. In that case, we suggest using in the platform double transgenic animals bearing fluorescently labeled gut epithelial cells and neutrophils (Oehlers et al., 2011). This would allow the automatic signal detection and quantification of neutrophil infiltration in larval intestines using the intestine-neutrophils colocalization pixels as an inflammation index (Wittmann et al., 2012, 2015).

A possible error inducing step in the HCD-GI platform is to manually place larvae in wells after the 25 or 100 μM solutions are already prepared. This procedure may dilute the testing solutions further. We minimize this error, using glass Pasteur pipettes with a very small hole to transfer larvae. With these pipettes, larvae often accumulate in groups at their tips and swim directly to the medium without the need to add extra volume to the wells. Like this, we can keep minimal the amount of medium that is added during larvae transfer. Also, this problem is bypassed by performing the screen at two different concentrations, which allows a preliminary titration that can be further validated in dose-response analyses. On the other hand, the same error would occur if larvae were placed in wells before adding the compounds; and in that case, the stock compound solution prepared in 100% DMSO would enter in direct contact with larvae in the wells, which can be very aggressive and should be avoided. For all these reasons we suggest to first dilute and mix the compounds in the medium before exposing the larvae to the testing concentrations. Notably, with robotic liquid handling of larvae this error can be circumvented (Wittmann et al., 2012, 2015).

Finally, as in previously reported screening approaches (Wittmann et al., 2012, 2015; Oehlers et al., 2017), we opted for a prolonged compound treatment to ensure the identification of all the compounds with possible immunomodulatory action in our setting. This option, however, does not allow to discriminate at which level compounds are acting or if they have a preventive or therapeutic potential. Still, after a first-pass screen, hits can be further tested to address how they are protective against HCD-induced intestinal inflammation. For instance, even if protection would occur at the level of cholesterol uptake this beneficial effect could be exploited as a preventive strategy in equivalent human exposure scenarios.



DISCUSSION

Dietary cholesterol-induced intestinal inflammation in larval zebrafish is a highly physiological model that recapitulates hallmark aspects of human IBD. In acute settings, these include the induction of pro-inflammatory pathways and degradative enzymes and the infiltration of innate immune cells in the intestines (Progatzky et al., 2014). After prolonged feeding schemes it leads to functional dysregulation as well as systemic pathologies (Progatzky et al., 2014). In Progatzky et al., significant differences in myeloid cell accumulation occurred with groups of more than 30 larvae fed with HCD. These numbers of larvae turn to be high and render screening strategies quite laborious. Here we report an optimized version of this model that is highly suitable for a drug-discovery platform in a whole organism context. By manipulating the dietary strategy to 24 h feeding, the HCD-GI assay reveals a robust degree of neutrophilic infiltration with groups of circa 12 larvae that is highly consistent between experiments (Figure 2 and Figures 3C,D). Neutrophilic infiltration is measured with a standardized protocol based on image deconvolution and analysis of an intestinal inflammation index, NII (Figures 2B,C and Supplementary Figure 1). Translating the HCD-GI assay into a discovery platform – the HCD-GI discovery platform (Figure 1) – allows the identification of immune-modulatory compounds of acute neutrophilic inflammation with potential relevance for IBD.

There is a clear unmet need to find new efficient treatments for IBD. This protocol was devised to apply zebrafish as a valuable in vivo model for compound discovery efforts, as the effects of molecules acting on intestinal inflammation can be straightforwardly studied in the context of an entirely functional innate immune system. A powerful aspect of our set-up is the use of transgenics highlighting the innate immune cell compartment, namely neutrophils, that allows monitoring the pathophysiology of an acute inflammatory response in vivo. Besides, a unique advantage of our method is the fact that an intestinal-targeted damage via dietary intake renders manual larvae manipulation minimal, thus permitting the screening in medium or high-throughput formats (Oehlers et al., 2011; Wittmann et al., 2012, 2015). Moreover, adverse and toxic effects of compounds and off-target outcomes can be evaluated in our platform, as compounds’ toxicity usually leads to larval deformities or death. In that case, it is possible to perform dose-response experiments over a range of well tolerated concentrations. This turns to be more relevant when the toxic compound belongs to a family of molecules that is known to exert promising immune modulatory actions.

Two high-content small molecule screens on DSS- and TNBS-induced enterocolitis have been reported in larval zebrafish (Oehlers et al., 2017). These chemicals induce colitis either by direct toxicity on epithelial cells or by disruption of intestinal barrier integrity. One of the drawbacks of using these agents in drug-screening assays are their extra-intestinal effects (Oehlers et al., 2011). As DSS or TNBS are added directly to the water medium, the route of exposure is not controlled and may lead to potential interactions with any epithelial surface and consequent skin damage (Oehlers et al., 2011). For instance, a relevant extra-intestinal consequence of TNBS treatment in larval zebrafish is the induction of leukocytosis (Oehlers et al., 2011). Although leukocytosis is a recognized hallmark of IBD, it is not clear how TNBS is inducing the redistribution of neutrophils from CHT region to the periphery. Another disadvantage is that these chemicals may react with the compounds under test (Oehlers et al., 2017). This may lead to toxicity or may provoke the tested compounds to lose their activity along the assay (Oehlers et al., 2017). As said, using diet as an incitant of acute intestinal inflammation avoids all the pitfalls underlying DSS or TNBS immersion, as is a more controlled, targeted, selective, and physiological trigger.

Similar to Oehlers et al. (2017) or other screens capable of identifying immunomodulatory drugs (Wittmann et al., 2012, 2015), we here present a screening strategy based on a prolonged compound treatment. This strategy ensures that all the compounds with immunomodulatory functions on acute intestinal inflammation are identified and avoids excluding putative candidates at early stages of a discovery plan. After a first-pass screen, hits should be validated and further investigated for their preventive or therapeutic action. By modifying duration and timing of compound application in the HCD-GI discovery platform, it is possible to discriminate whether molecules have a more preventive or treatment potential. For example, the dietary phenolic acids like FA or GA have a huge preventive and nutraceutical potential besides their possible pharmacological applications; and, nowadays, the ability to modulate diet to prevent daily an IBD condition is a highly attractive and an ever-demanding proposition for increasing quality of life.

Previous drug-repurposing screens in larval zebrafish enterocolitis models employed only qualitative observational identification of screening hits (Oehlers et al., 2017). We improved this approach by developing a semi-automated image acquisition and processing combined with quantitative image analysis for accurate quantification of NII. The intestinal area and red-labeled neutrophils are imaged 15 h post feeding, when intestines are perfectly emptied and the inflammation peak is most likely occurring (Progatzky et al., 2014). Red-fluorescent images of neutrophils are deconvolved calculating a theoretical Point-Spread-Function (PSF) and parameters are carefully chosen to provide the best signal improvement without artifacts. Manual drawing of the intestines permits calculating the red-fluorescent area of neutrophils inside intestines, the NII parameter, while correcting for pigments’ autofluorescence that must be excluded from the analysis (Figures 2B,C and Supplementary Figure 1). This parameter allows the analysis of inflammation through the application of an intensity threshold that reduces the operator bias and avoids the more laborious calculation of infiltrated cell numbers. Similar analysis has been performed for an automated high-content inflammation assay in zebrafish (Wittmann et al., 2012, 2015).

An option to make the HCD-GI discovery platform valuable for high-throughput and high-content (HT/HC) screens is to perform the protocol in double transgenic larvae highlighting both the intestinal enterocytes and the neutrophils (Oehlers et al., 2011). This would allow automatic signal detection and fully automated quantification of intestine-neutrophils colocalization pixels as an index of intestinal inflammation (Wittmann et al., 2012, 2015). Besides, this would automatically eliminate artifacts introduced by red autofluorescent pigments, as these would not colocalize with the intestinal labeling.

Intestinal neutrophilic infiltration is the readout system of the HCD-GI assay and platform. While the role of neutrophils in IBD has been investigated in animal models, their contribution to disease pathogenesis remains controversial and no molecules targeting neutrophils are validated for IBD treatment (Wéra et al., 2016). Controversy arises from the dual roles of neutrophils in inflammation. Neutrophils can be either beneficial for bacterial clearance and resolution of inflammation or detrimental when over-activated, leading to collateral tissue damage. It is therefore proposed that both functional deficiency and hyper-reactivity of neutrophils can induce intestinal inflammation in IBD (Wéra et al., 2016). For example, in UC the degree of neutrophils infiltration in the colon as well as their increased activity have been linked to the severity of the disease (Raab et al., 1993; Demir et al., 2015). Conversely, neutrophil dysfunction has been observed in CD patients (Segal and Loewi, 1976; Harbord et al., 2006). Above this duality, a powerful feature of our platform is the possibility to categorize compounds as anti- or pro-inflammatory when, respectively, reducing or increasing the NII inflammation index (Figure 4). Compounds belonging to each one of the categories can be further validated in independent experiments, as they might exert their effect in a dose-dependent manner (Figure 5). We could also expand the applicability of the HCD-GI platform to identify compounds affecting the resolution of neutrophilic inflammation. In that case, the timeframe at which resolution occurs should be monitored, which is between 18 and 24 h post feeding for a 6 h feeding strategy (Progatzky et al., 2014). Interestingly, the presented technique could also offer the possibility to be utilized for the identification of mutations in genes affecting neutrophil migratory behavior. Finally, from a molecular point of view, identifying new molecules acting on neutrophil infiltration capacity will improve our understanding of their mode of action and ultimately provide new therapeutic avenues that urge for IBD.

The zebrafish is an organism widely used in inflammation biology. The anti-inflammatory activity of food compounds has been already assayed in this model to evaluate their protective immunomodulatory functions (Arteaga et al., 2018). For the proof-of-concept of the platform, we here use two dietary phenolic acids, namely gallic acid (GA) and ferulic acid (FA), with well-described anti-inflammatory and antioxidant properties in murine models of IBD (Sadar et al., 2007; Pandurangan et al., 2015; Kandhare et al., 2016; Zhu et al., 2019; Yang et al., 2020). Indeed, we verified that both compounds reduced the inflammation index NII in animals after the induction of inflammation with HCD (Figures 4D,E). They exerted their effect in a dose-dependent manner, being FA more potent (Figures 5A,B). We also validated our IBD-like model using conventional anti-inflammatory IBD therapeutics, such as mesalamine and prednisolone (Figure 6A). The fidelity of our model was confirmed as both drug indications reduced the NII to homeostatic levels or below (Figure 6A). Altogether, these results suggest that the anti-inflammatory capacity of compounds can be evaluated with the HCD-GI discovery platform, and that the protocol creates a physiologically relevant environment for screening of clinical grade immune modulators for IBD.

In conclusion, the optimized HCD-GI assay serves as a simple, physiological, innovative, cost- and time-saving strategy to ease and accelerate drug discovery, or drug repurposing efforts, by providing potential new lead molecules relevant for IBD. This will serve as a jumping-off point for more profound analyses of drug mechanisms and pathways involved in the disease innate immune responses. Finally, using this assay at early phases of a drug discovery pipeline may provide readily available information on drug tolerance, toxicity, dosage as well as potential off-target effects that will reduce action risks and costs during drug development.
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Osteopenia and osteoporosis are bone disorders characterized by reduced bone mineral density (BMD), altered bone microarchitecture and increased bone fragility. Because of global aging, their incidence is rapidly increasing worldwide and novel treatments that would be more efficient at preventing disease progression and at reducing the risk of bone fractures are needed. Preclinical studies are today a major bottleneck to the collection of new data and the discovery of new drugs, since they are commonly based on rodent in vivo systems that are time consuming and expensive, or in vitro systems that do not exactly recapitulate the complexity of low BMD disorders. In this regard, teleost fish, in particular zebrafish and medaka, have recently emerged as suitable alternatives to study bone formation and mineralization and to model human bone disorders. In addition to the many technical advantages that allow faster and larger studies, the availability of several fish models that efficiently mimic human osteopenia and osteoporosis phenotypes has stimulated the interest of the academia and industry toward a better understanding of the mechanisms of pathogenesis but also toward the discovery of new bone anabolic or antiresorptive compounds. This mini review recapitulates the in vivo teleost fish systems available to study low BMD disorders and highlights their applications and the recent advances in the field.
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INTRODUCTION

Osteoporosis (OP) is an age-related metabolic disease characterized by low bone mineral density (BMD), the deterioration of bone architecture and the occurrence of fragility fractures (reviewed in Compston et al., 2019). Its prevalence is increasing worldwide, and it is likely that the steady increase in life expectancy will aggravate this already worrying situation. Current treatments mostly rely on anti-resorptive drugs (Tu et al., 2018) that are also associated with limited long-term efficacy and critical side effects, highlighting the importance to search for new therapeutics. Alternative therapies based on new technologies like mesenchymal stem cells and reverse genetics using sncRNAs and miRNAs (reviewed in De Martinis et al., 2019) are being developed. However, much of the research effort is nowadays concentrated on the discovery of bone anabolic agents that would promote proliferation/differentiation of osteoblasts (Chen M. et al., 2014) or increase bone mineral deposition to counteract BMD reduction. The discovery and development of osteogenic drugs require not only a deep understating of OP molecular players but also high-throughput screening pipelines that can identify compounds in large molecule libraries. Despite metabolic and anatomic differences with humans, ovariectomized rodents have become a reference model for OP research and early stage testing of compounds (Turner, 2001; van‘t Hof, 2011; Sophocleous and Idris, 2014; Komori, 2015), but issues related to costs and low screening throughput have limited their use in particular areas of OP studies. The growing interest in fish species to model human diseases (Schartl, 2014), in particular zebrafish and medaka, and their validation as suitable alternatives to study human skeletal disorders (reviewed in Laizé et al., 2014; Witten et al., 2016; Carnovali et al., 2019a; Tonelli et al., 2020), has contributed to favor their use to address OP pathophysiology (reviewed in Bergen et al., 2019). The development of fish OP models that respond to classical anti-OP drugs gave rise to new tools to accelerate bone research and to test and characterize new drugs for OP treatment. In this review, we will provide an overview of these models, their suitability as systems for phenotype-based screenings and the advantages of using these small non-mammalian vertebrates, as well as their applications, in the study of osteoporosis.



SUITABILITY OF TELEOST FISH TO STUDY OSTEOPOROSIS

Small teleost fish such as zebrafish and medaka have been increasingly used as models for human skeletal diseases as they hold many anatomic and developmental features of mammalian skeletons (reviewed in Laizé et al., 2014; Witten et al., 2016; Carnovali et al., 2019a; Tonelli et al., 2020). Teleostean and mammalian axial and appendicular skeletons are similar in many aspects: nearly all the bones are matching and genes, cells and mechanisms controlling skeletogenesis, including the early formation of the cartilaginous anlage and its replacement by bone, through endochondral and perichondral ossification, and the dermal ossification processes, are highly conserved (Javidan and Schilling, 2004; Hall, 2015). Importantly, 70% of human genes have at least one ortholog in zebrafish and medaka genomes (Kasahara et al., 2007; Sasaki and Shimizu, 2008; Howe et al., 2013). In addition, the amenability of this two fish models to genetic manipulation/editing, e.g., through CRISPR/cas9 technology (Hwang et al., 2013; Ansai and Kinoshita, 2014; Kirchmaier et al., 2015; Cornet et al., 2018) have favored the development of several mutant lines capable of modeling human skeletal disorders. Other features such as a high number of offspring, a short generation time, an external development and translucent early life stages have potentiated the popularity of these two teleosts for bone studies. However, differences exist and those must be considered when using fish as models for OP studies. In this regard, osteocytes, which represent nearly 95% of all bone cells in mammals (Franz-Odendaal et al., 2006) and have been linked to bone loss in OP patients (Busse et al., 2010), are not present in all life stages and/or skeletal elements of teleosts (Witten and Huysseune, 2009; Apschner et al., 2011). In medaka, bone is totally devoid of osteocytes, while osteocytes are absent from zebrafish bone during early development and in exoskeletal structures such as scales and fins rays. Despite the absence of osteocytes, teleost bone is still subjected to resorption and remodeling (Witten and Huysseune, 2009) and is still responsive to mechanical loading (Suniaga et al., 2018; Ofer et al., 2019). Osteoclasts, the bone resorbing cells, are also slightly different. Large multinucleated cells in mammals, they are often small mononucleated cells in teleosts; however, resorbing activity is maintained (although lower in teleosts) and molecular pathways are conserved (Witten and Huysseune, 2009). It is worth to note that teleost fins and scales are dermal skeletal elements with no corresponding structures in mammals as they were largely lost during terrestrial evolution and replaced by non-calcified hair and feathers or keratin derived scales and horns; thus care should be taken when comparing results collected from these systems with those from human trabecular or compact bone.



GLUCOCORTICOID INDUCED OSTEOPOROSIS

Glucocorticoids (GCs) are potent immunosuppressive drugs used to treat inflammatory diseases; however, long-term therapies lead to complex adverse effects, including secondary osteoporosis. In humans, GCs impact bone metabolism by decreasing bone formation and vascularization and increasing bone resorption (reviewed in Chotiyarnwong and McCloskey, 2020). In conditions of glucocorticoid-induced osteoporosis (GIOP), osteoblasts experience increased apoptosis and have their activity and number reduced. Additionally, osteoclast proliferation, lifespan, and activity are increased in the initial phase of GIOP. Longer treatments, however, impair osteoclast formation and function (Buehring et al., 2013). Much remains to be elucidated on the mechanisms underlying osteoporosis and, today, no effective treatment for GIOP has been developed. Mammalian models mimicking GIOP (reviewed in Wood et al., 2018) have been preferentially used to uncover important pathophysiological aspects of the disease, although small teleost fish, such as zebrafish and medaka, were shown to respond in a similar way to GC treatment, confirming the evolutionary conservation of key players and pathways in GC metabolism, and represent a valuable option for the study of GIOP (Table 1). Barrett and colleagues demonstrated that tissue ossification was reduced in zebrafish larvae exposed to prednisolone and that phenotype could be partially rescued upon treatment with bisphosphonates (Barrett et al., 2006), a key similarity to human GIOP (Hayat and Magrey, 2020). Still in zebrafish larvae, resveratrol was shown to counteract the OP phenotype induced by dexamethasone (Luo et al., 2019), as described for mammals (Tou, 2015). Further studies aiming at validating the suitability of the fish model have evidenced an effect of prednisolone on bone homeostasis, through the altered expression of genes (i) involved in osteoblast (entpd5a) and osteoclast (acp5a and sost) differentiation, (ii) crucial to extracellular matrix (ECM) mineralization (mmp9 and mmp13), and (iii) involved in pathways critical to osteoblast and osteoclast signaling (Huo et al., 2018). Adult zebrafish models have also been used to study GIOP. Because scales can be harvested from adult zebrafish with little or no stress and have the capacity to fully regenerate in 2 weeks, they are commonly used for in vivo and ex vivo bone research. Treatment of zebrafish with prednisolone during scale regeneration was shown to induce an osteoporotic phenotype in regenerates, due to an imbalanced bone formation. Scales of OP fish displayed an enhanced osteoclast activity, an increased matrix resorption and induced osteoporotic gene-expression profile in osteoblasts and osteoclasts (de Vrieze et al., 2014). It was additionally shown that prednisolone-treated zebrafish exhibited increased resorption lacunae and lower osteoblastic function, evidenced by decreased alkaline phosphatase (ALP) activity, and that concomitant treatment with alendronate restored ALP activity and significantly decreased tartrate-resistant acid phosphatase (TRAP) activity, a proxy for osteoclast function (Pasqualetti et al., 2015). In scales of male zebrafish, age was shown to potentiate the effect of prednisolone treatment, further increasing TRAP activity, tnfrsf1b expression, and the extent of the resorption lacunae (Carnovali et al., 2020a). Bony rays of zebrafish caudal fin were also found to be a suitable and reliable model to study the elemental, structural and mechanical characteristics of bones affected by anti- and pro-mineralogenic compounds. Exposure of zebrafish to prednisolone during fin ray de novo formation delayed bone growth and impaired bone regeneration by impacting on the number, activity and differentiation of osteoblasts and osteoclasts, but also immune cells (Geurtzen et al., 2017). Moreover, prednisolone altered the expression of several ECM related genes and continued exposure deteriorated cellular trafficking in the regenerating fin thus interfered with epithelial and bone tissue restoration upon amputation (Schmidt et al., 2019). Again, alendronate was able to prevent prednisolone effects on fin ray mineralization and calcium/phosphorous levels, and restored bone biomechanical properties (Bohns et al., 2020). There is, however, a striking difference between humans and zebrafish, when it comes to vertebrae, as adult zebrafish vertebrae are not affected by GC-induced bone loss. This could be partially explained by the low rates of osteoblast proliferation as GC treatment seems to have greater impact on bone tissues undergoing active osteoblast proliferation (Geurtzen et al., 2017).


TABLE 1. List of teleost models and respective assays to mimic mammalian osteopenic/osteoporotic phenotypes.
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HIGH GLUCOSE AND HIGH FAT INDUCED OSTEOPOROSIS

Diabetes is a chronic metabolic disease that is growing worldwide (Lin et al., 2020). It has a negative impact on many tissues/organs, including the skeleton, where it may trigger or potentiate the development of osteoporosis (Cipriani et al., 2020). Together, diabetes and osteoporosis are responsible for severe clinical complications that impact on patients’ quality of life and impose an important economic burden to health systems (Leung et al., 2017). Epidemiologic studies have also evidenced positive associations between obesity and bone health (Zhao et al., 2007) and an interplay between type 2 diabetes and overweight (reviewed in Al-Goblan et al., 2014). Although recent studies have evidenced interactions between bone and glucose or fat metabolism, much remains to be understood concerning the molecular players and their interaction with genetics and environment. Because it has become a widespread model to investigate metabolic diseases such as diabetes and obesity (Zang et al., 2018; Carnovali et al., 2019b; and references therein) and skeletal pathologies (Tonelli et al., 2020 and references therein), zebrafish is therefore a model of choice to investigate the interplay between hyperglycemia/obesity and bone, under pathological conditions (Table 1). In humans, chronic hyperglycemia is known to negatively affect bone homeostasis resulting in increased bone fragility, reduced mechanical strength and increased fracture risk due to impaired ECM formation and bone cells function (Cipriani et al., 2020). In a zebrafish model of diabetes [Tg(ins:nfsb-mCherry)], it was shown that both larval osteogenesis and the regenerative capacity of caudal fin rays was impaired under hyperglycemia, and that this condition can be rescued by treatment with the vitamin D analog (paricalcitol) and a calcimimetic (cinacalcet) (Carvalho et al., 2017). Additionally, studies using adult zebrafish exposed to glucose have revealed a decrease in scale matrix mineralization, the presence of bone resorption lacunae associated with an intense osteoclast activity and altered expression of bone regulatory genes (Carnovali et al., 2016a, 2019b), similarly to what has been recently reported in bones of diabetic rodents (An et al., 2019) and humans (Karner and Long, 2018). The presence of bone resorption lacunae associated with intense osteoclastic TRAP activity and decreased osteoclastic ALP activity was also observed in the scales of adult zebrafish fed a high-fat diet and showing signs of obesity (Carnovali et al., 2018).



IRON OVERLOAD INDUCED OSTEOPOROSIS

Iron plays an essential role in human physiology as a co-factor in biochemical reactions involved in critical metabolic functions such as oxygen transport and storage, respiratory chain complexes and DNA replication (Frazer and Anderson, 2014; Bogdan et al., 2016). Aging has been associated with iron accumulation in different tissues and the production of reactive oxygen species (ROS; reviewed in Picca et al., 2019), which contribute to promote or potentiate the severity of age associated pathologies such as osteoporosis and osteoarthritis (Liu et al., 2006). Excess of iron also promotes osteoclast differentiation in mouse and increased bone resorption (Camacho et al., 2016; Simão et al., 2018, 2019). In zebrafish larvae, iron overload inhibited bone formation and decreased expression of osteoblast marker genes, allegedly due to an increased ROS production and the associated oxidative stress (Chen B. et al., 2014). Larvae of the zebrafish mutant expressing a defective Ferroportin 1, a cellular iron exporter required for iron cycling, exhibited, in addition to severe hypochromic anemia, clear defects in bone formation, including a reduced number of calcified vertebrae and the abnormal expression of osteoblastic genes (Bo et al., 2016). High-iron stress was also used to promote an osteoporosis-like phenotype in zebrafish (Zhang W. et al., 2018; Table 1). Both larvae and adult fish showed a significant decrease in bone mineralization and severe developmental defects in cartilage formation. Interestingly, defective osteogenesis was significantly rescued using alendronate, a drug known to be effective against human osteoporosis by targeting the Bmp signaling pathway and promoting osteoblast differentiation (Zhang S. et al., 2018).



RANKL-OVEREXPRESSION INDUCED OSTEOPOROSIS

Receptor activator of NF-κB ligand (RANKL) and its receptor RANK play a pivotal role in the differentiation of cells of the monocyte/macrophage lineage into functional osteoclasts and are therefore critical regulators of osteoclast-mediated bone resorption (reviewed by Walsh and Choi, 2014). Many scientists believe that RANK/RANKL system is a target of choice for therapies aiming at treating disorders associated with altered bone remodeling, such as osteoporosis (reviewed by Matsumoto and Endo, 2020). Clinical studies evaluating the suitability of RANKL inhibition to treat postmenopausal osteoporotic women have shown that denosumab, a human monoclonal antibody that specifically neutralizes RANKL, significantly reduced the incidence of vertebra and hip fractures, and improved patients prognosis (reviewed by Dempster et al., 2012). Interestingly, the critical role of RANKL in osteoclastogenesis has been conserved throughout evolution, as increased expression of rankl triggered an osteoporotic bone phenotype in medaka (To et al., 2012; Table 1). In rankl transgenic fish, active osteoclasts were formed ectopically and promoted bone resorption in mineralized arches and vertebral bodies, in a way that resembles findings in human osteoporosis. Besides phenotypical similarities, rankl-induced ectopic osteoclasts were shown to derive from a subset of macrophages that migrated and accumulated into the vertebral column, and then interacted with osteoblast progenitors before differentiating into bone resorbing osteoclasts (Phan et al., 2020). Transcriptome profiling of Rankl-activated macrophages revealed the differential expression of several osteoclast markers, e.g., trap, ctsk, siglec15, nfatc1, tgfb1, and dap12, a situation also observed in mammals (Phan et al., 2020 and references therein). Another feature common to both fish and mammalian OP models, is the similar response to genetic or chemical inhibition of tnfα, which improved bone loss in both models, by reducing ectopic osteoclast differentiation in a selective manner (Phan et al., 2020). The rescue of OP phenotype by bisphosphonates was also evaluated in adult medaka, and both alendronate and etidronate inhibited osteoclast activity in a dose-dependent manner upon rankl induction, thus contributing to the maintenance of bone homeostasis and integrity. Rescue by bisphosphonates was also reported in osteoporotic larvae (Yu et al., 2016; Yu and Winkler, 2017). The morphological changes that occurred in fish osteoclasts during treatment, e.g., formation of aggregates and fusion into giant multinucleated cells, were remarkably similar to those seen in patients after long-term treatment with bisphosphonates (Jobke et al., 2014) and is another indication of conserved mechanisms between teleosts and humans.



MICROGRAVITY INDUCED OSTEOPOROSIS

Microgravity experienced by astronauts during spaceflights reduces the mechanical loading on bones and triggers bone loss, skeletal deterioration and imbalanced calcium metabolism (Keller and Strauss, 1993; Turner, 2000). To better understand these effects, animal models were sent to space or submitted to microgravity, among them the zebrafish and the medaka (Moorman et al., 1999; Shimada et al., 2005; Aceto et al., 2016). Larval zebrafish responded to microgravity by reducing otolith (mineralized rods of the inner ear) development but also by altering the expression of genes important for the development of the notochord, which participates in the patterning and formation of the vertebral column (Moorman et al., 1999). Simulated microgravity (SMG) by 2D-clinorotation for 5 days significantly decreased bone formation in zebrafish larvae and altered the expression of genes involved in bone metabolism and formation but also genes associated with disorders in connective tissue, skeleton and muscle (Aceto et al., 2016; Table 1). Zebrafish embryos exposed to SMG at key developmental stages developed long term skeletal effects such as a reduced ossification and skeletal malformations (Edsall and Franz-Odendaal, 2014). Adult medaka and transgenic larvae sent to the International Space Station exhibited a decreased osteoblastic activity, an increased osteoclastic activity and a reduced BMD, i.e., signs of microgravity-induced osteoporosis (Chatani et al., 2015, 2016). Promoter activity and expression of several osteoclast marker genes (e.g., trap, ctsk, and mmp9) were also stimulated during spaceflight, indicating enhanced osteoclastic activity. Interestingly, GC-related genes (e.g., fkbp5 and ddit4), known to contribute to osteoblast and osteoclast genesis, were also upregulated. In contrast, exposure of zebrafish to hypergravity increased bone formation by modifying the expression profile of important bone markers (Aceto et al., 2015) and altered cartilage properties (Lawrence et al., 2021). Beside the possibility to identify new genes involved in bone formation and response to mechanical loading, hypergravity may also hold some potential for research on osteoporosis.



OSTEOPENIA MODELS

Osteopenia is characterized by a mild reduction of BMD and often leads to osteoporosis if not detected and corrected in due course. Fish models with adaptive osteopenia (a low BMD condition that evolved in some fish as an adaptive mechanism) or induced osteopenia (a low BMD condition that is induced in fish placed in a particular situation or exposed to compounds) have been described and are detailed below. Antarctic fish of the notothenioid family, in particular the channichthyids or icefish, have evolved a weakly ossified skeleton in response to their habitat and the need to increase their buoyancy in the water column for feeding (Albertson et al., 2009; Eastman et al., 2014). The reduction of the BMD in icefish, favored throughout millions of years of evolution, exhibits characteristics similar to human osteopenia and could hold important clues for the better understanding of disease mechanisms. However, the difficulty to grow and study icefish in captivity has hindered their use as model organisms and their wide distribution in research laboratories. Reduced BMD conditions that could mimic osteopenia phenotype are also found in fish exposed to fasting and intensive swimming, situations that frequently occur during the migration of fishes such as eels and salmonids (Kacem and Meunier, 2003; Rolvien et al., 2016). Under these conditions of severe physiological stress, bone demineralization occurs through a mechanism that may involve the action of glucocorticoids and the activation of the neuroendocrine axis (Suarez-Bregua et al., 2018). In this regard, a continuous exposure of zebrafish larvae to parathyroid hormone resulted in a marked decrease of bone mineralization after 6 days of treatment (Fleming et al., 2005). Under appropriate conditions of stress (e.g., fasting), fish could develop an osteoporotic phenotype resembling human disease that could contribute to a better understanding of bone demineralization (Schartl, 2014). Restricted mobility, i.e., limited swimming activity, was also used to induce osteopenia in adult zebrafish (Table 1). Upon movement restriction and decreased mechanical loading, the shape of the vertebrae and the thickness of the intervertebral space were altered, while bone volume and density were reduced (Khajuria and Karasik, 2020). Following a mechanism that may be related to reduced mechanical loading but also to disrupted nerve function, the transient paralysis of zebrafish muscle upon Botulinum toxin injection also impaired intramembranous ossification during caudal fin regeneration (Recidoro et al., 2014).



FRACTURE OSTEOPOROSIS MODELS

Several teleost skeletal structures—skull, fin and scales—have been used to better understand the fracture-healing processes and identify therapeutic agents (Sousa et al., 2012; Geurtzen et al., 2014; Kobayashi-Sun et al., 2020). Although osteoblasts were found to play a major role in fracture healing in both mammals and teleosts, their origin seems to be different in these two groups of vertebrates. In zebrafish, mature osteoblasts will dedifferentiate in more proliferative and active cells during the repair of fin fractures and skull injuries, a mechanism also observed during fin regeneration (Geurtzen et al., 2014), while a new set of osteoblasts is formed in mammals from mesenchymal stem cells to contribute to the repair of bone injuries (Park et al., 2012). Also conserved throughout evolution, the detrimental effect of GCs on fracture healing was observed in mouse (Liu Y. Z. et al., 2018) and in teleosts, delaying skull repair in zebrafish (Geurtzen et al., 2017) and fin repair in medaka (Azetsu et al., 2019), probably due to impaired osteoblast recruitment. A recent study using zebrafish scale fracture model, reported that osteoclast differentiation during fracture healing is mediated by extracellular vesicles released by osteoblasts (Kobayashi-Sun et al., 2020). Although the conservation of this mechanism in mammals remains to be confirmed, data collected in teleosts shed some light on a possible alternative process toward bone repair.



APPLICATIONS

Validated teleost OP models (Table 1) have been used in a wide range of applications. The literature associated with these applications has been expanding rapidly, with many publications exploring disease mechanisms and others discovering novel therapeutic targets and compounds to treat disease symptoms. Most of these studies used zebrafish GIOP model, probably because it is a model that can be easily implemented in any laboratory, but also because it addresses the most prevalent type of secondary osteoporosis (Compston, 2018). However, the importance of the other teleost OP models was not disregarded, as they have allowed to unveil many conserved aspects of OP pathology. Below are examples of the most popular applications using teleost OP models (see also Table 2).


TABLE 2. Fields of application of teleost OP models.

[image: Table 2]

Anti-OP Compound Validation

Many extracts and compounds derived from plants and herbs are commonly used worldwide as nutraceuticals and largely explored in traditional Chinese medicine (TCM), because of their antioxidant, anti-inflammatory, anti-tumoral, neuro-protective, anti-diabetic, anti-angiogenic and anti-atherosclerotic proprieties (Che et al., 2016). Several of these natural extracts/compounds have also been claimed to have anti-resorptive and bone anabolic activities, but strong scientific data was missing to validate these claims. Glucocorticoid and glucose-induced OP (zebrafish) and rankl-induced OP (medaka) are the disease models that have been used to confirm their osteoactivity and identify their mechanisms of action. For example, anti-resorptive properties of the flavonoids liquiritigenin (Carnovali et al., 2019b, 2020b), baicalin (Zhao et al., 2020), icariin (Wang et al., 2019; Pham et al., 2020), and the pigment delphinidin (Imangali et al., 2020) was shown to occur through impaired osteoclast activity and reduced bone resorption. Other phenolic compounds, such as tanshinol (Luo S. et al., 2016) and salvianolic acid B (Luo S. Y. et al., 2016), were shown to have bone anabolic properties, and hydroxysafflor yellow A was found to have both bone anabolic and anti-resorptive properties (Liu L. et al., 2018). The ability of alkaloids such as evodiamine (Yin et al., 2019) to trigger bone remodeling and the capacity of fungal extracts—e.g., from shiitake mushroom (Lee H. et al., 2020) and from Penicillium velutinum (Chen et al., 2018)—to successfully rescue OP phenotype was successfully demonstrated in the zebrafish GIOP model. Osteoactivity of the TMC formulations Xian-ling-gu-bao (Wu et al., 2017) and Zuogui pill (Yin et al., 2018), commonly used in Asiatic countries to treat primary OP, was also addressed in the zebrafish GIOP model, unveiling their potential to also counteract secondary forms of OP.



Bioprospection

It is clear from the previous paragraph that natural extracts contain promising osteoactive compounds that may be used to develop next-generation drugs to treat osteoporosis. Because they bring many technical advantages into the cumbersome screening process, e.g., they allow larger and quicker screening assays, teleost OP models, in particular the zebrafish GIOP model, have been favored as first line screening assays and several osteogenic fractions and compounds derived from plants and fungi have already been identified (Niu et al., 2015; Lee K. et al., 2020). Holistic approaches coupling network pharmacology modulation and zebrafish GIOP model as a screening platform to test the efficacy of identified matrixes were also successfully implemented. These allowed, for example, to isolate osteogenic enriched extracts derived from Erxian decoction (Wang et al., 2019), osteogenic alkaloids extracts from S. acutum (Liu et al., 2020), but also osteogenic peptides, polysaccharides and other anabolic compounds from microalgae (Chen et al., 2021) and plants (Zhang S. et al., 2018; Yan et al., 2019; Fu et al., 2020). Teleost OP models were also used to screen natural compound libraries and unveil new activities for old compounds (Yang et al., 2019; Wu et al., 2020).



Pharmacology

Pharmaceuticals unrelated to OP treatment have been found to have osteoactive properties in teleost OP models. For example, tetracycline analogs—a well know class of antibiotics—were shown in zebrafish GIOP model to prevent OP phenotype (Kim et al., 2019). Long-chain fatty acid amides were found to stimulate bone formation in the same model (Carnovali et al., 2016b). Hepcidin, a protein involved in the regulation of iron levels in blood, and deferoxamine, a drug that binds circulating iron, were able to rescue iron overload induced bone loss and to increase bone formation in zebrafish (Chen B. et al., 2014; Jiang et al., 2019). Another example that illustrates the diversity of the applications for teleost OP systems was the use of goldfish scales to confirm the ability of melatonin to prevent bone loss in a microgravity environment. Melatonin, previously shown to improve bone mass in postmenopausal osteopenic women (Amstrup et al., 2015), was effective in suppressing goldfish osteoclast activity during a space flight experiment, indicating that it could be a promising treatment for bone loss experienced by astronauts (Ikegame et al., 2019).



Omics

The global analysis of gene expression and protein production is an important approach to unveil the genes, pathways and proteins involved in disease development and treatment, and to identify putative therapeutic targets. In this sense, transcriptomic and proteomic analyses were applied to zebrafish exposed to GCs followed by treatment with different bone anabolic compounds, resulting in the identification of several possible therapeutic targets, thus potentially opening new routes for OP treatment (Chen et al., 2017; Lin et al., 2019; Schmidt et al., 2019; Fu et al., 2020; Liu et al., 2020).



Ecotoxicology

A less obvious, but not less important application of teleost OP models, is their use as ecotoxicology tools. Synthetic GCs (e.g., prednisolone and dexamethasone) have been detected in the aquatic environment and the biological significance of this contamination has raised serious concerns. Zebrafish was used to confirm that environmental concentrations of GCs have the capacity to alter the expression of genes involved in GCs associated pathways and may potentiate disease mechanism (Chen et al., 2016, 2017), raising public awareness to a problem that may also impact on human (bone) health.



COMPLEMENTARY APPROACHES USING OSTEOPOROSIS GENETICALLY MODIFIED MODELS

In addition to the above-mentioned models, morphants, stable knockdown and mutant zebrafish lines displaying phenotypic features that partially mimic OP are available (they have been extensively discussed by Laizé et al., 2014; Bergen et al., 2019; Carnovali et al., 2019a; Tonelli et al., 2020; Dietrich et al., 2021). These models are valuable tools to study OP-related genes and mechanisms associated with low BMD and fragile bones, and can be used in compound screening assays. Relevant examples in zebrafish are the atp6v1h mutant, which exhibits a severe reduction in the number of mature osteoblasts and an increase in mmp9 and mmp13 expression (Zhang et al., 2017), the bmp1 frilly fins (Asharani et al., 2012) and col1a1 chihuahua (Fisher et al., 2003) mutants, which show general defects in bone growth that lead to weak bones prone to fractures, the gpr137ba mutant (Urso et al., 2019) characterized by an increased bone resorption, the gba1 morphant (Zancan et al., 2015) characterized by impaired osteoblast differentiation and reduced bone mineralization, and the sp7 mutant (Kague et al., 2016) presenting a delayed bone maturation and unregulated bone formation. On a different aspect, the use of teleost systems to study gene-specific effects upon pharmacological manipulation holds a great potential for the screening of anti-OP compounds. For example, SOST is a protein secreted in human by the osteocytes (Delgado-Calle et al., 2017), and its mutated form was associated to high bone mass (HBM) disorders (Balemans et al., 2001). By inhibiting SOST binding to LRP5/6, the monoclonal antibody romosozumab could stimulate bone deposition and improve OP patients’ condition (McClung, 2018). Interestingly, bone remodeling in zebrafish and medaka is also mediated by sost, although not expressed by osteocytes, and the down-regulation of sost expression resulted in more bone deposited (Ofer et al., 2019). Thus teleosts could be used for large screening assays aiming at identifying compound that could modulate sost expression toward an increased bone deposition. A similar example is associated with the modulation of smad9 expression in zebrafish (Gregson et al., 2020; McDonald et al., 2021). These two examples highlight the evolutionary conservation of skeletal mechanisms from fish to human and reinforce the suitability of teleost models for target-based screening assays. Data from genome wide association studies (GWAS) and human epidemiological analysis of skeletal diseases represent a promising source of new targets to be validated and further characterized in teleosts.



CONCLUSION

The high degree of conservation of the mechanisms involved in skeletogenesis between fish and mammals allows to recapitulate, with a notable similarity, OP phenotypes in zebrafish and medaka, two small teleosts that can be incorporated in high-throughput screening pipelines and thus hold great promises for the discovery of anti-OP drugs. Among the different systems described in this review, glucocorticoid-induced OP in zebrafish is by far the most popular system, being easily operable in most laboratories and necessitating only wild-type zebrafish lines. Although the transgenic medaka line overexpressing rankl is meant to gain more importance in the future as it represents the most suited OP model developed so far, particular attention should be given to fish HBM models currently being developed as they provide an interesting alternative approach to classical OP models that may prove to be more fruitful. The positive impact of fish OP models on the identification of compounds with anti-OP activity is already perceptible and is likely to gain momentum in the next decade. Due to their enormous potential, it is also possible that we see fish OP models becoming more prominent models for pre-clinical OP studies.
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The Incoherent Fluctuation of Folate Pools and Differential Regulation of Folate Enzymes Prioritize Nucleotide Supply in the Zebrafish Model Displaying Folate Deficiency-Induced Microphthalmia and Visual Defects
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Objective: Congenital eye diseases are multi-factorial and usually cannot be cured. Therefore, proper preventive strategy and understanding the pathomechanism underlying these diseases become important. Deficiency in folate, a water-soluble vitamin B, has been associated with microphthalmia, a congenital eye disease characterized by abnormally small and malformed eyes. However, the causal-link and the underlying mechanism between folate and microphthalmia remain incompletely understood.

Methods: We examined the eye size, optomotor response, intracellular folate distribution, and the expression of folate-requiring enzymes in zebrafish larvae displaying folate deficiency (FD) and ocular defects.

Results: FD caused microphthalmia and impeded visual ability in zebrafish larvae, which were rescued by folate and dNTP supplementation. Cell cycle analysis revealed cell accumulation at S-phase and sub-G1 phase. Decreased cell proliferation and increased apoptosis were found in FD larvae during embryogenesis in a developmental timing-specific manner. Lowered methylenetetrahydrofolate reductase (mthfr) expression and up-regulated methylenetetrahydrofolate dehydrogenase (NADP+-dependent)-1-like (mthfd1L) expression were found in FD larvae. Knocking-down mthfd1L expression worsened FD-induced ocular anomalies; whereas increasing mthfd1L expression provided a protective effect. 5-CH3-THF is the most sensitive folate pool, whose levels were the most significantly reduced in response to FD; whereas 10-CHO-THF levels were less affected. 5-CHO-THF is the most effective folate adduct for rescuing FD-induced microphthalmia and defective visual ability.

Conclusion: FD impeded nucleotides formation, impaired cell proliferation and differentiation, caused apoptosis and interfered active vitamin A production, contributing to ocular defects. The developmental timing-specific and incoherent fluctuation among folate adducts and increased expression of mthfd1L in response to FD reflect the context-dependent regulation of folate-mediated one-carbon metabolism, endowing the larvae to prioritize the essential biochemical pathways for supporting the continuous growth in response to folate depletion.

Keywords: folate, one-carbon metabolism, eye diseases, zebrafish, microphthalmia, mthfd1L
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GRAPHICAL ABSTRACT. Folate deficiency lowered intracellular 10-CHO-THF and 5-CH3-THF levels, interfered nucleotide formation, impaired cell proliferation, induced apoptosis and impeded vitamin A supply, leading to microphthalmia and obstructed visual ability.




INTRODUCTION

Microphthalmia is a congenital ocular disorder with the phenotypic characteristics of abnormally small and anatomically malformed eyes. The prevalence of congenital microphthalmia was approximately 1–2 per 10,000 new births (Stoll et al., 1992; Parker et al., 2010; Dharmasena et al., 2017). Although seldom fatal, most congenital ocular defects, including microphthalmia and impaired visual ability, cause life-long suffering to the affected individuals and a tremendous burden to families. Currently, the etiology for most congenital ocular diseases remains incompletely understood but is considered multifactorial. Among the reported risk factors, folate deficiency (FD) has been suggested as a potential environmental cause of microphthalmia. Studies showed that rodents with FD or disturbed folate-mediated one-carbon metabolism (FOCM) displayed anophthalmia and microphthalmia (Armstrong and Monie, 1966; Shaw et al., 2007; Maestro-de-las-Casas et al., 2013; Leung et al., 2017). However, how FD leads to these eye diseases and whether folate supplementation provides effective protection remain elusive.

Folate, also known as vitamin B9, is one of the most largely consumed nutrient supplements by the general public. Folate provides the one-carbon units for the biosynthesis of many macromolecules, including amino acids, proteins, nucleotides, neurotransmitters and S-adenosylmethionine (SAM). SAM is the major methyl-donors for most methylation reactions of intracellular molecules, including DNA, RNA, histones, proteins and lipids, justifying the pivotal roles of folate in modulating gene activities and molecular functions (Boeke et al., 2012; Barua et al., 2014; Tryndyak et al., 2016; Morscher et al., 2018). Reduced folates are also strong anti-oxidants crucial to maintaining intracellular oxidative stress and embryogenesis (Rezk et al., 2003; Gliszczynska-Swiglo, 2007; Kao et al., 2014). The multi-activities and crucial roles of folate allow this nutrient to become a vital element for supporting normal physiological function and a favorite target for chemotherapy regimen. FD is one of the most commonly encountered problems in malnutrition. FD has also been linked to many diseases and anomalies, including neural tube defects (NTD), cancers, cardiovascular diseases, liver diseases, age-related cognitive impairments, and eyes malformation (Ducker and Rabinowitz, 2017). The growing awareness of the importance of folate has increased the public demand for folate supplementation although the underlying mechanism for folate-related diseases remains incompletely understood. The ease of public access to folate also endows this nutrient a modifiable environmental factor and a nutraceutical that can modulate both health development and disease onset. Ample amounts of folic acid (FA) are ingested by pregnant mothers, the senior population and the general public as a daily supplement. The beneficial effects of folate supplementation and food fortification have been well documented (Gisondi et al., 2007; Field and Stover, 2018). However, the detrimental effects, such as interfered immunity, increased risk for tumorigenesis, infant bronchiolitis and childhood asthma, have also been reported (Whitrow et al., 2009; Veeranki et al., 2014). The conflicting results reported for folate supplementation have raised the concern and vigorous debate on the policy of mandatory folate fortification of food and maternal FA supplementation, a highly prevalent maneuver world-wide. Hence, investigations on how folate affects normal physiological functions and disease pathomechanisms become imperative and urgent (Dixit et al., 2018).

Folate is comprised of a pteridine ring, p-aminobenzoic acid (pABA) and glutamyl moieties (Figure 1A). FA refers to the synthetic and fully oxidized folate found in fortified food and supplements. The biologically active forms of folate are fully reduced tetrahydrofolate (THF), the activated intracellular one-carbon carriers and a strong antioxidant. In cells, folate exists as polyglutamate forms with 3–8 glutamate residues attached to the γ–carbon of the first glutamate residue. Nature folates are a mixture of THF carrying one-carbon units at the oxidation levels of formate, formaldehyde and methanol bound to THF at either the N-5 and/or N-10 positions, forming a large group of folate adducts. FOCM comprises two major folate-dependent biosynthetic networks, designated as folate cycle (for thymidylate and purine biosynthesis) and methionine cycle (for methionine/SAM formation) (Figure 1B), respectively. In general, each one-carbon adduct plays an indispensable role in one major pathway, i.e., 5-CH3-THF in SAM formation, 5,10-CH2-THF in dTMP synthesis, and 10-CHO-THF in purine production. Theoretically, disrupting any of these cycles results in auxotrophy for the end products and accumulation of the respective intermediates in that cycle. FOCM also occurs in mitochondria and nucleus. Mitochondrial FOCM converts one-carbon units to formate, which is exported and incorporated into 10-CHO-THF in cytosol or nucleus for purine biosynthesis (Sudiwala et al., 2016). Mitochondrial FOCM is the main source of one-carbon units yet the reversal of cytosolic flux can also be triggered under certain contexts to support cell growth (Ducker et al., 2016). Pharmacological inhibition of FOCM by targeting folate enzymes has been one of the mainstays for chemotherapy currently. However, the associated side-effects and often emerging drug-resistance have impeded the curative potential of anti-folates (MacKenna et al., 2020). Therefore, tremendous efforts have been devoted to investigating the biological activity of folate/folate enzymes, aiming to unveil the pathomechanisms underlying folate-associated disorders and develop new strategies/drugs with improved efficacy.
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FIGURE 1. Folate-mediated one-carbon metabolism. (A) Structure of folate derivatives. (B) FOCM consists of multiple reactions and contributes to amino acid metabolism, nucleotide synthesis and SAM formation. The enzymes involved in FOCM include: FPGS, folylpolyglutamate synthase; GGH: γ-glutamylhydrolase; DHFR, dihydrofolate reductase, SHMT1, cytosolic serine hydroxymethyltransferase; SHMT2, mitochondrial SHMT; MTHFD1, cytosolic tri-functional enzyme, C1-THF-synthetase; MTHFD2/2L, mitochondrial bi-functional enzyme (5,10-methylene-THF dehydrogenase/5,10-methenyl-THF cyclohydrolase); MTHFD1L, mitochondrial 10-formy-THF synthetase; FDH, 10-formyltetrahydrofolate dehydrogenase; MTHFS, 5-formyltetrahydrofolate cyclo-ligase; MTR, 5-methyltetrahydrofolate-homocysteine methyltransferase; MAT, methionine adenosyltransferase; AHCY, adenosylhomocysteinase; MTHFR, 5,10-methylene-THF dehydrogenase; TS, thymidylate synthetase; GAR/AICAR TF, glycinamide ribonucleotide/aminoimidazole carboxamide ribonucleotide transformylase. T, folate transporters; MFT, mitochondrial folate transporter; the green area indicates the folate cycle, and yellow area indicates the methionine cycle.


The diverse and conflicting effects among tissues reported for altered folate status imply the tissue heterogeneity of FOCM. FD enhanced invasiveness of colon cancer while blocking prostate cancer progression (Bistulfi et al., 2011; Wang et al., 2012). Folic acid supplementation prevented fetal NTDs but increased the risk of infant bronchiolitis and childhood asthma (Whitrow et al., 2009; Veeranki et al., 2014). In addition, FA supplementation increased the incidence of prostate cancer but was protective against head and neck squamous cell carcinoma, hepatocellular carcinoma and neuroblastoma (Strickland et al., 2013). Previous studies also showed that FA rescued only the cardiac malformation but not the impeded hematopoiesis in FD zebrafish (Tu et al., 2017). This tissue heterogeneity is a reflection of the intrinsic complexity of FOCM and suggests diverse pathomechanisms underlying the FD-induced pathology in different tissues. Investigations employing multiple platforms with complementary advantages for organ-specific studies shall provide new insights to understanding the physiological significance and pathological mechanism associated with FOCM.

In recent years, the use of zebrafish has gradually gained research interest from both academia and private companies to study various human diseases and patholomechanisms, such as host–pathogen interactions (Torraca and Mostowy, 2018), osteoporosis (Zang et al., 2021), nutritionology (Williams and Watts, 2019), immune response (Xie et al., 2020), and obesity-related diabetes (Zang et al., 2017, 2019), and to develop novel drug delivery systems for cancer treatments (Shimada et al., 2014; Shimada and Hazekawa, 2021). Zebrafish is a newly emerging vertebrate model and shares considerable structural and functional similarities with mammals in their ocular systems, including layer distribution, predominant cone-mediated vision and developmental process (Link and Collery, 2015; Richardson et al., 2017). As also seen in mammals, zebrafish eye development incorporates surface ectoderm, neuroectoderm and head mesenchyme, proceeded under stringent spatiotemporal regulations (Schmitt and Dowling, 1999). The highly conserved genetic programs and mechanisms involved in zebrafish ocular development also display extensive molecular complexity (Glass and Dahm, 2004). Zebrafish express photoreceptors that are spatially arranged in a highly organized mosaic architecture similar to the human counterpart (Richardson et al., 2017). In addition, their cone-rich eyes fulfill the diurnal nature of zebrafish and enable the fish to discriminate red, green, blue, and UV wavelengths (Allison et al., 2004). Zebrafish are visually responsive by 72 hour-post-fertilization (hpf) and display a variety of locomotor behaviors in response to moving patterns with brightness, sharpness, chromaticity and resolution, which can be varied depending on the components of the visual system under investigation (Fleisch and Neuhauss, 2006). Zebrafish possess a prominent binocular structure which is the most observable organ among all, especially at the larvae stages, allowing for continuous and non-invasive observation throughout ocular development. More importantly, several visual- and ocular disorders, including glaucoma, albinism, retinitis pigmentosa, coloboma, myopia and ciliopathies, have been established in zebrafish (McMahon et al., 2004; White et al., 2008; Veleri et al., 2012; Carnes et al., 2014; Collery et al., 2014; Link and Collery, 2015), supporting the suitableness of using zebrafish to model ocular disorders. Previous studies have shown that zebrafish FOCM is comparable to mammalian counterparts for the activities, functions and regulations of many enzymes/proteins involved in this metabolic network (Chang et al., 2006; Chang et al., 2007; Kao et al., 2008, 2009, 2014; Lin et al., 2011, 2015; Chang et al., 2014; Hsiao et al., 2014).

In the current study, we investigated the underlying patho-mechanism of FD-induced microphthalmia and the effectiveness of supplementing with different folate adducts using the fluorescent transgenic zebrafish, Tg(hsp:EGFP-γGH), as an in vivo model. This transgenic line displays inducible FD and ocular defects. The impact of FD to FOCM homeostasis and the differential regulation of folate enzymes were also inspected. In addition, the interplay between folate and vitamin A metabolism in eye development were also reported.



MATERIALS AND METHODS


Material

Tetrahydrofolate and 5-methyl-THF were gifts from Dr. Moser (Merck Eprova AG, Switzerland). 5-formyltetrahydrofolate was purchased from Schircks Laboratories (Bauma, Switzerland). Fetal bovine serum (FBS) and trypsin-EDTA were purchased from Invitrogen, Thermo Fisher Scientific Inc. (CA, United States). dNTP was purchased from FocusBio (CA, United States). In vitro transcription kit, anti-DIG antibody, and NBT-BCIP used for WISH were purchased from Roche (Basel, Switzerland). Antibodies for immunostaining were purchased from either Santa Cruz Biotechnology Inc. (DA, United States) or Abcam plc. (Cambridge, United Kingdom). All other chemicals were purchased from Sigma-Aldrich Chemical Co. (WI, United States). The HPLC gel filtration column AQUASIL C18 was purchased from Thermo Fisher Scientific Inc. (MA, United States).



Fish Stock and Maintenance

Wild-type (AB strain) zebrafish were purchased from Taiwan Zebrafish Core Facility (TZCS). Tg (hsp:EGFP-γGH), the transgenic line displaying inducible FD, was established in our lab (Kao et al., 2014). Fish were maintained in a 14-10 light-dark cycle at 25–28°C. All the operational and experimental procedures, including feeding, maintenance, mating, and sample collection, were approved by the Affidavit of Approval of Animal Use protocol of National Cheng Kung University (IACUC Approval Number: 103218 and 106086).



Induction of Folate Deficiency

The transgenic embryos/larvae with various severity of FD were generated and categorized as previously described (Kao et al., 2014). In brief, Tg(hsp:EGFP-γGH) embryos were heat-shocked at 9 and 24 hpf at 38–39°C for 1 h each time and categorized into control group (CTL, with no fluorescence), mild folate-deficient group (MFD) and severe folate-deficient group (SFD) based on their fluorescence intensity at 32 hpf and total folate content at 5 day-post-fertilization (dpf). We had shown previously that the extent of FD was positively correlated to heat-shock and green fluorescence intensity.



Histochemical Staining and Eye Size Measurement

For eye size measurement, larvae were photographed laterally under a dissecting microscope (Leica) equipped with a digital camera (Canon, EOS 550D). The eye area in the image was circled individually and calculated with the on-line software Image J1. For lens length measurement and detailed morphology, the cryo-sections prepared from the embryos/larvae at indicated stages were H&E stained and observed under a light microscope. The length of lens was measured only from those tissue sections containing the optic nerve to ensure the measurement for the full-length diameter.



Whole-Mount Immunostaining

The whole-mount immunostaining for proliferating cells was performed following the protocol described by others (Thisse et al., 1993; Jowett, 2001). In brief, embryos were fixed in 4% PFA/PBS and permeablized with acetone in –20°C. Embryos were incubated with mouse monoclonal anti-phosphohistone H3 antibodies (1:200) and goat anti-mouse IgG Alexa Flour® 488 (1:400) sequentially with proper wash and observed under a fluorescent dissecting microscope. The number of PH3+ cells within eye area were quantified by counting the cells with fluorescent signal with the on-line software Image J.



TUNEL Assay

Fluorescein-labeling for apoptotic cells in larvae was performed with in situ Cell Death Detection Kit, following the manufacturer’s instruction (11684795910 ROCHE, Sigma-Aldrich Inc.). After permeabilization with acetone in –20°C, larvae were incubated with the mixture of enzyme solution (containing TdT) and labeling solution (containing fluorescein-dUTP) for an hour before photographed under a fluorescent dissecting microscope. The number of apoptotic cells within eye area were quantified by counting the cells with green fluorescent signal using the on-line software Image J.



Quantification for Gene Expression

For determining gene expression, RT-PCR, real-time PCR and Western blotting were performed as previously described (Chang et al., 2010). In brief, RT-PCR was performed following the procedure of Prime TaqTM DNA Polymerase (G-1001-1, GENET Bio, Chungnam, South Korea) with Applied BiosystemsTM SimpliAmpTM Thermal Cycler (ThermoFisher Scientific, MA, United States). Real-time PCR was performed following the manufacturer’s instructions of KAPA SYBR® FAST qPCR Master Mix (2X) Kit (KK4600, KAPABIOSYSTEMS, Cape Town, South Africa) and LightCycler (Roche Diagnostics, Rotkreuz, Switzerland). The sequences of primers used in the current study were listed in Supplementary Table 1.



Embryonic Folate Content

Larval folate contents were determined as previously described (Kao et al., 2013). In brief, approximately 50 embryos were homogenized in 0.3 ml of de-gassed extraction buffer [100 mM Kpi, 2% (w/v) Ascorbic acid, 0.1% (v/v) 2-Mercaptoehtanol, pH6.8] and heated at about 98°C for 5 min before centrifugation. Conversion of folyl polyglutamates in the supernatant to folate monoglutamates was accomplished by incubating the embryos extracts with 5 μg of purified recombinant zebrafish gamma-glutamyl hydrolase (GGH) and at 37°C for 5 min. After centrifugation and filtration, 50 μl of the clear supernatant was injected into an AQUASIL C18 column on an HPLC system (Agilent 1100) for folate detection. The potential folate peaks in extracts were identified by overlapping the retention times between the prospective folate peaks and folate standards.



Cloning for Zebrafish mthfd1L

Full-length zebrafish mitochondrial methylenetetrahydrofolate dehydrogenase (mthfd1L) cDNA was PCR amplified from zebrafish cDNA library with primers (forward: 5′-CCCC G AATTC ATGAT GAGAC TGTCT GTC-3′/ reverse: 5′-TGCGG CCGCA CGAAA AGGCC TTTTA TCTC-3′) designed based on mRNA sequence available in the Nucleotide database in NCBI (NM_001242996.1). The resulting PCR product was sub-cloned into pcDNA3.1 myc-His vector via EcoRI and NotI restriction sites to fuse with His-tag. This zebrafish mthfd1L coding sequence was also sub-cloned to pcGlobin2 for capped mRNA synthesis with another pair of primers (forward: 5′-CCCCG AATTC ATGAT GAGAC TGTCT GTC-3′/ reverse: 5′-CGAAT TCTCA ATGGT GATGG TGATG ATG-3′).



MTHFD1L Knockdown and Rescue

The knockdown and rescue for mthfd1L expression were performed as previously described with modification (Chang et al., 2014). The pcGlobin2 plasmids containing complete zebrafish mthfd1L coding sequence were linearized with NheI and in vitro transcribed using T7 polymerase following the manufacturer’s protocol (10 881 767 001, Roche). The morpholino oligonucleotides (MOs) specific to zebrafish mthfd1L mRNA splicing site (5′-AAAGTAA AGCACACCTTTGACTCCA-3′) and translation initiation site (5′-AAGGCGACAGACAGTCTCATCATGC-3′) to knockdown the expression of zebrafish mthfd1L were designed and purchased from Gene-Tools (Philomath, OR, United States). All reagents for microinjection were dissolved in degassed and RNase-free Danieu’s buffer before injection. For microinjection, approximately 125–250 pg of MO with/without mthfd1L capped mRNA in 4.6 nl injection solution were injected into embryos at 1–4-cell stages. Embryos injected with Danieu’s buffer and standard control MO served as injection controls in each experiment.



Primary Culture of Embryonic Cells

The protocol for preparing the primary culture from zebrafish embryos was adapted from previous studies with modification (Horstick et al., 2013). Briefly, the control and the embryos injected with capped mRNA encoding His-tagged MTHFD1L at 1–4-cell stage were collected at 1 dpf and dechorionated. After dissociating with trypsin-EDTA, embryonic cells were washed and filtered through a 70 μm strainer in L15 medium before seeded on the cover slides coated with poly-L-lysine in a 24-well plate. Cells were incubated at 28.5°C without CO2 for 12–16 h before immunofluorescent staining.



Characterization for the Cellular Compartmentation of Recombinant Zebrafish MTHFD1L

The mitochondrial compartmentation of recombinant zebrafish MTHFD1L-His fusion protein was characterized by immunostaining with anti-His antibodies and co-staining with Mitotracker Deep Red 633 (Invitrogen) and DAPI for mitochondria and nuclear localization, respectively, as previously described (Chang et al., 2007).



Compound Treatment

Compounds, including 5-formyl-THF (0.5 mM), FA (1 mM), 5-methyl-THF (1 mM), retinoic acid (1 nM), N-acetyl-L-cysteine (20 μM), sodium formate (5 mM), and dNTP (50 μM), were freshly prepared in embryo water, added to embryo water 30 min after heat-shock and refreshed every day until observation.



Optomotor Response (OMR)

Evaluation for larval OMR was performed following the protocol adapted from previous studies with modification (Antinucci and Hindges, 2016). In brief, the individual larva was initially positioned at the center of a 6-cm petri dish placed on an iPad displaying moving black-white vertical gratings. Normally, larva swims along the direction of moving gratings and turns when the marching direction of moving gratings was changed. The swimming behavior of each larva was recorded while the direction of moving strips was reversed between right- and left-ward every 60 s for 2 min. Larvae that failed to respond to the reversal of strips movement were considered abnormal.



Mitochondria Fractionation and Western Blotting

Mitochondria fractionation of cultured human hepatocellular carcinoma Huh-7 cell-line was performed following the protocol described previously with modification (Villa-Cuesta and Rand, 2015). Cells transfected with plasmids zmthfd1L-His-tag/pcDNA3.1 were collected, washed with buffer A [100 mM sucrose, 1 mM EGTA, 20 mM MOPS] and lysed in buffer B [100 mM sucrose, 1 mM EGTA, 20 mM MOPS, 5% Percoll, 0.01% digitonin] containing protease inhibitors. Cell lysates were centrifuged at 800 g for 10 min at 4°C. The supernatant was collected and centrifuged again at 20,000 g for 20 min. The resulting supernatant was collected separately for the cytosolic fraction. The pellet was suspended in buffer C [300 mM sucrose, 1 mM EGTA, 20 mM MOPS, 1% TritonX-100] for the mitochondrial fraction. Both fractions were subjected to Western blotting probing with antibodies against His-tag, α-tubulin or Cox4.



Statistical Analysis

The probability value (P-value) was calculated with Student’s t-test and Mann–Whitney non-parametric U test for the rest at 95% confidence intervals using software GraphPad Prism 5.



RESULTS


FD Caused Microphthalmia and Impeded Visual Ability in Developing Larvae

We found that FD larvae displayed prominent smaller eyes. Larval eye size was measured by quantifying the dimension of eye area in the larval images photographed at 3 and 5 dpf (Figure 2A). A significant decrease in the overall eye size and lens diameter was observed in FD larvae beyond 3-dpf in a FD severity-dependent manner, as compared with the control larvae of the same stages (Figures 2A–C). This reduced eye size was prevented by FA and 5-CHO-THF supplementation, supporting the causal specificity of FD (Figure 2B). Intriguingly, no apparent improvement occurred when 5-CH3-THF was used for rescue. Histological characterization on the H&E stained tissue cryo-sections revealed unlaminated eyes in FD larvae at 3 dpf, in contrast to the apparent lamination observed in control larvae (Figure 2A). Larval visual function was accessed at 7 dpf by monitoring their optomotor response (OMR). OMR is an organismal and innate reflex to moving gratings stimulation commonly seen in the animal kingdom (Figure 2D). In zebrafish, OMR has been used to evaluate visual acuity, which reflects the function of the visual system (Orger et al., 2004). An approximately 5–6-fold increase in the occurrence of incorrect OMR was observed in the FD group in a FD severity-dependent manner (Figure 2E). Supplementing with either 5-CHO-THF or 5-CH3-THF, but not FA, significantly improved the visual response of FD larvae, confirming the causal role of FD. These results showed that FD induced ocular malformation and visual defects in developing embryos, as well as the diverse rescuing effects of different folate adducts.
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FIGURE 2. Morphological and functional characterization on the eyes of FD larvae. (A,B) Control and FD larvae at indicated stages with/without folate supplementation were imaged laterally for the head region and quantified for the eye area (dotted circle) with Image J (An on-line software for scientific image analysis.). The larvae in folate supplemented groups were exposed to the indicated folate adducts at 25 hpf and until observation. (C) The diameter of lens was estimated from the images of H&E stained cryo-sections prepared from the larvae at 5 dpf. (D) The experimental flow of optomotor response analysis (OMR). (E) Control and FD larvae with/without folate supplementation were analyzed for OMR at 7 dpf individually and quantified. WT, wild-type; C (control), heat-shocked wild-type larvae; M, FD transgenic larvae with mild FD. S, FD transgenic larvae with severe FD. L, length of lens; ON, optic nerve; RPE, retinal pigmented epithelium; IS/OS, inner segment/outer segment junction; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; FA, folic acid (1mM); 5-CHO THF, 5-formyltetrahydrofolate (0.5 mM); 5-CH3 THF, 5-methyltetrahydrofolate (1 mM). Statistical data are shown in mean ± SEM. ***p-value < 0.001; **p-value < 0.01; *p-value < 0.05.




FD Affected Cell Proliferation and Induced Apoptosis in a Developmental Timing-Specific Manner During Embryogenesis

Decreased cell proliferation at the very early stages and increased apoptosis at later stages of embryonic development were observed in FD larvae. The decreased eye size prompted us to examine embryonic cell proliferation with whole-mount immunostaining for phospho-histone 3 (PH3), a mitosis-specific marker. The results showed that there were fewer positive signals (represented by green fluorescent dots, which shall be distinguished from the green fluorescent background resulting from the expressed recombinant eGFP-γ-glutamyl hydrolase) in FD larvae than those in control before 48 hpf, especially in the head region and eyes. The PH3 signals in FD larvae became apparent at 72 hpf (Figures 3A,C). The results of TUNEL assay showed no significant difference between control and FD embryos before 48 hpf, yet the apoptotic signals increased in the forebrain and retina of FD larvae at 72 hpf (Figures 3B,C). Cell cycle analyses revealed decreased distribution of cells in G2/M phase at 26 hpf and accumulation in S-phase and sub-G1 phase at 72 hpf in FD larvae (Figures 3D,E). These results suggested that FD interrupted cell cycle at very early embryonic stages and increased apoptosis, especially at larval anterior, as embryogenesis proceeded.
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FIGURE 3. Developmental timing-specific analysis for the cell proliferation and cell cycle in developing larvae. The larvae of control and FD groups at 26, 48, and 72 hpf were subjected to immunostaining with anti-PH3 antibodies (M-phase marker) (A), as well as TUNEL assay for apoptosis (B). The number of PH3+ cells and apoptotic cells within eye area were quantified by counting the cells with fluorescent signal using the on-line software Image J (C). Larvae at 26 hpf (D) and 72 hpf (E) were dispersed, stained with propidium iodide (PI) and analyzed for cell cycle with flow-cytometry and quantified. White arrows indicate the signals of PH3-positive cells; yellow arrows represent the signals of apoptosis; red dotted lines circle the eye area. Statistical data are shown in mean ± SEM. **p-value < 0.01; *p-value < 0.05.




FD Interfered With One-Carbon Metabolic Homeostasis and Nucleotides Formation

The incoherent and developmental timing-specific fluctuation of different folate adducts were observed in FD larvae. Embryos of various stages were analyzed with HPLC for the composition of folates, mainly THF/5,10-CH2-THF, 10-CHO-THF, and 5-CH3-THF. THF is the main one-carbon carrier moiety; 5-CH3-THF participates in S-adenosylmethionine formation and hence crucial to modulating intracellular methylation potential; 10-CHO-THF provides the formyl group for cytosolic one-carbon source and the C2 and C8 of pteridine ring in purine biosynthesis (Bryant et al., 2018). Our results showed that the levels of all the examined folates were decreased after the second heat shock at 24 hpf to induce FD (Figure 4A). As embryogenesis proceeded, the concentrations of 5-CH3-THF continued to stay significantly low throughout the embryogenesis. Conversely, THF/5,10-CH2-THF content in FD larvae was increased gradually but remained lower than that of control larvae. As for 10-CHO-THF, the initial decrease was followed by a small but significant increase when the larvae reached 3 dpf and then maintained at a level comparable to that of control. Adding dNTP, dTTP and hypoxanthine to embryo water significantly improved larval eye size (Figures 4B–D). Supplementing with formate also rescued larval eyes size (Figure 4E). Formate is a major source for one-carbon unit in cytosol (Momb et al., 2013; Brosnan and Brosnan, 2016). These results suggested that FD disturbed OCM homeostasis and impeded nucleotide formation. FD has been shown to increase intracellular oxidative stress in both cultured cells and developing embryos (Kao et al., 2014). N-acetylcysteine (NAC) is a commonly used anti-oxidant in the laboratory to prevent increased oxidative stress. We observed no rescue effect on the eye size when NAC was added to the developing FD embryos (Figure 4F). In addition, neither of the aforementioned supplementations provided protective effects for larval OMR (Figure 4G). Together with the decreased numbers of mitotic cells at 26 hpf and increased cell accumulation in S-phase at 72 hpf (Figure 3), these results suggested that FD disturbed OCM homeostasis and impeded nucleotide supply, contributing to FD-induced microphthalmia. In addition, other factors related to FD, besides the insufficient nucleotides supply, might also contribute to the FD-induced impairment of eye development and OMR. Our results also show that the intracellular content of 5-CH3-THF is the most responsive folate species among the examined folate adducts and significantly decreased when FD occurred.
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FIGURE 4. Larval folate composition and response to rescuing agents. Both control and FD embryos continuously exposed to rescuing agents starting from 25 hpf were examined for their intracellular folate composition (A) at indicated stages with HPLC as described in materials and methods, eye size (B–F) at 3 dpf and OMR (G) at 7 dpf. The rescuing agents include deoxy-ribonucleoside triphosphate (dNTP) (B), Deoxythymidine triphosphate (dTTP) (C), hypoxanthine (Hx) (D), formate (NaF, sodium formate) (E) and N-acetyl-cysteine (NAC) (F). Statistical results are shown in mean ± SEM for (B–F) and percentage in a group for (G). ***p < 0.001; **p < 0.01; *p < 0.05.




Mthfd1L Expression Was Increased in FD Larvae

The incoherent fluctuation of folate adducts in response to FD in embryos at various stages suggested diverse regulation for the production/consumption of different folate adducts, prompting us to examine the expression of folate enzymes involved in OCM. The enzymes examined include: 10-formyltetrahydrofolate dehydrogenase (aldh1L1), cytosolic and mitochondrial serine hydroxymethyltransferase (shmt1 and shmt2), dihydrofolate reductase (dhfr), 5,10-methylenetetrahydrofolate dehydrogenase (mthfr) and methylenetetrahydrofolate dehydrogenase (NADP+-dependent)-1-like (mthfd1L). These enzymes are involved in either the production or usage of THF, 10-CHO-THF or 5-CH3-THF in cytosol or mitochondria (Figure 1A). With the exception of mthfd1L, no apparent difference in their mRNA levels was observed for all the enzymes examined between the larvae of FD and control groups at 5 dpf (Figure 5A). Substantial increases were observed for both mthfd1L mRNA and aldh1L1 mRNA in the larvae with increased FD severity at 7 dpf (Figure 5B). Further confirmation for the increased expression of mthfd1L in FD larvae revealed a stage-dependent elevation with significant increases starting from 3 dpf (Figure 5C). MTHFD1L is a mitochondrial folate enzyme catalyzing the conversion of 10-CHO-THF into formate and crucial to the maintenance of cytosolic one-carbon units for purine biosynthesis and energy metabolism (Bryant et al., 2018). These results showed that mthfd1L was up-regulated in response to decreased intracellular folates.
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FIGURE 5. The mRNA levels of enzymes involved in FOCM in larvae. (A) FD larvae harvested at 5-dpf were subjected to mRNA extraction and RT-PCR analysis for the expression of folate enzymes. (B) Larvae displaying FD induced by heat-shock at 1, 3, and 5 dpf were harvested at 7-dpf and examined for the expression of folate enzymes with RT-PCR. (C) FD larvae collected at the indicated stages were examined for the developmental timing-specific expression of mthfd1L during embryogenesis with real-time PCR. Ctl, control; FD, folate deficiency; aldh1l1, zebrafish 10-formyltetrahydrofolate dehydrogenase; shmt1, cytosolic serine hydroxymethyltransferase; shmt2, mitochondrial serine hydroxymethyltransferase; dhfr, dihydrofolate reductase; mthfr, methylenetetrahydrofolate reductase. ***p-value < 0.001; **p-value < 0.01; *p-value < 0.05.




Overexpressing mthfd1L at Early Stages Increased Intracellular 10-CHO-THF Content and Improved FD-Induced Microphthalmia

To examine the significance of Mthfd1L in embryonic morphogenesis, especially ocular formation, the complete cDNA encoding zebrafish Mthfd1L, including the N-terminal mitochondria-specific signal peptide, was cloned into eukaryotic expression vectors and expressed as a fusion protein with a C-terminal His-tag. This construct was used for characterizing the intracellular localization of zebrafish Mthfd1L in cultured cells and subsequent rescue in mthfd1L knockdown embryos. The results of immuno-staining revealed the co-localization of recombinant zebrafish Mthfd1L protein and Mitotracker, a mitochondria-specific dye, in Huh7 cells (Figure 6A). The co-localization of zebrafish Mthfd1L and Mitotracker was also observed in the primary cultured cells prepared from the zebrafish embryos injected with synthesized zebrafish mthfd1L mRNA. The subcellular compartmentation examined by cellular fractionation and Western blotting with anti-His-tag antibodies also supported the mitochondrial compartmentalization of the recombinant zebrafish Mthfd1L (Figure 6B). Morpholino oligonucleotides (MO) are anti-sense oligonucleotides often used to specifically knock-down the expression of interested genes in cells or organisms in the laboratory. Mthfd1L-specific MO interrupting either mRNA splicing or peptide translation were injected into wild-type embryos (morphants) at 1–4-cell stages. Malformed midbrain-hindbrain boundary appeared in mthfd1L morphants at 28 hpf with phenotypic severity positively correlated to the injected MO doses (Figure 6C). Microphthalmia was also observed in morphants at 3-dpf stage (Figures 6D,E). The lack of proper antibodies against endogenous zebrafish Mthfd1L prevented us from examining the knockdown efficiency with conventional immuno-blotting. However, the presence of aberrant splicing products in the cDNA prepared from the morphants confirmed the successful knockdown (Supplementary Figure 1). The appreciable rescue with mthfd1L mRNA further supported the knockdown specificity (Figures 6E,F). Unexpectedly, analysis on the folate content from embryos at 3-dpf revealed apparently lowered 5-CH3-THF levels but no appreciable change in both 10-CHO-THF and THF/5,10-CH2-THF levels in mthfd1L morphants, as compared to control larvae (Figures 6G–I). These results confirmed the mitochondrial localization of zebrafish Mthfd1L and supported a pivotal role of this enzyme in neural tissue development and ocular formation. Our data also suggested that 5-CH3-THF was the folate adduct most profoundly affected by the disturbed OCM due to mthfd1L knockdown.
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FIGURE 6. In vitro and in vivo characteristics of zebrafish mthfd1L. (A) The complete recombinant zebrafish Mthfd1L, encompassing the N-terminal signal peptide, was co-localized with mitochondria. Huh-7 cells transfected with zmthfd1L/pcDNA 3.1 myc-His (zMthfd1L) and pcDNA 3.1 myc-His (Mock) (left panel) and primary cultured zebrafish embryonic cells from embryos injected with mthfd1L cRNA (right panel) were stained with DAPI for nucleus, Mitotracker Deep Red 633 for mitochondria, and anti-His for zebrafish Mthfd1L. (B) The cytosolic and mitochondrial fractions of 293 cells transfected with zmthfd1L/pcDNA 3.1 myc-His and Mock analyzed with Western blotting confirmed the mitochondrial localization of zebrafish Mthfd1L. (C) The neural tube defect (NTD)-like phenotype was found in mthfd1L morphant (MO), but not in wild-type larvae (Ctl) at 3 dpf. (D,E) The eye size of mthfd1L morphants with (MO+cRNA)/without (MO) co-injecting synthesized mthfd1L capped-mRNA (cRNA) for rescue were examined and quantified at 3 dpf. Embryos were injected with translational MO (tMO) or splicing site MO (sMO) at 1–4-cell stage. (F) 1 dpf zebrafish embryos injected with mthfd1L cRNA were collected for embryonic lysates and subjected to Western blotting analysis. (G–I) Mthfd1L morphants at 3 dpf were analyzed with HPLC for folate composition. c, cytosolic fraction; m, mitochondrial fraction; α-tub, cytosolic marker; and Cox4, mitochondrial marker. MO, wild-type embryos injected with 10 ng mthfd1L MO; MO+cRNA, wild-type embryos co-injected with 10 ng mthfd1L MO and 1 ng mthfd1L synthesized RNA simultaneously. ***p < 0.001; **p < 0.01; *p < 0.05.


Our results showed that increased mthfd1L expression in FD larvae prevented ocular defects. To examine the impact of altering mthfd1L expression in the occurrence of FD-induced ocular defects, FD embryos injected with either mthfd1L MO or mRNA at 1–4 cell stages were examined for ocular development. The results showed that knocking-down mthfd1L worsened eye malformation (Figure 7A); whereas increasing mthfd1L expression at early stages before FD induction prevented microphthalmia in the mild-FD group (Figure 7B). Substantial rescue for OMR was also observed in FD larvae injected with mthfd1L mRNA (Figure 7C). Unexpectedly, increasing mthfd1L expression prevented the decrease of 10-CHO-THF content in FD embryos but rendered no detectable impact on the restoration of the THF/5,10-CH2-THF and 5-CH3-THF levels (Figures 7D–F). These results supported the contribution of mthfd1L in maintaining the intracellular 10-CHO-THF level and eye development.
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FIGURE 7. Effects of altering mthfd1L expression on eye development in folate-deficient embryos. (A) FD mthfd1L morphants had their eye size measured at 3 dpf. (B) FD embryos were injected with 0–250 pg zebrafish mthfd1L cRNA and their eye size was measured at 3 dpf. (C) mthfd1L-cRNA-injected control and FD embryos had their OMR estimated at 7 dpf. (D–F) 30 hpf control and FD embryos with or without 250 pg mthfd1L cRNA injection were subjected to HPLC analysis for their content of 10-CHO-THF (D), 5-CH3-THF (E), and THF/5,10-CH2-THF (F). Ctl, control; mFD, mild folate deficiency; sFD, severe folate deficiency; *p < 0.05; **p < 0.01; ***p < 0.001.




The Expression of Methylenetetrahydrofolate Reductase (mthfr) Responses to FD at Early Stages

The significant decrease of 5-CH3-THF level in both FD larvae and mthfd1L morphants prompted us to examine the expression of mthfr, the only folate enzyme catalyzing the irreversible production of 5-CH3-THF. Lowered expression of mthfr was found in FD embryos and mthfd1L morphants at earlier stages (Figures 8A,B). Providing one-carbon units by supplementing FD embryos with formate did not prevent the decrease of mthfr and the increase of mthfd1L in FD larvae (Figures 8C,D). The folate microbiological assay revealed an unaffected total folate content in embryos supplemented with formate (Figure 8E). This is not unexpected since FD was induced in our model by enhanced exportation of folate; whereas formate provides only one-carbon units but not folate moieties. Therefore, the situation of lowered total folate contents shall remain even in formate-supplemented FD embryos, so as the decreased and increased expression of mthfr and mthfd1L, respectively. Together, these results suggested that, in addition to the enhanced folate exportation upon FD induction, the decreased mthfr expression might further contribute to the constantly lowered 5-CH3-THF level observed in FD larvae.
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FIGURE 8. The interplay between Mthfr and Mthfd1L. (A) FD larvae collected at the indicated stages were examined for the developmental timing-specific expression of mthfr during embryogenesis. (B) Wild-type embryos injected with mthfd1L cRNA or MO were examined for the expression of mthfr at 1 dpf. (C) FD embryos with/without formate supplementation were examined for mthfr mRNA levels at 2 dpf. (D) FD embryos with/without formate supplementation were examined for mthfd1L mRNA levels at 5 dpf. (E) Control and FD embryos supplemented with or without 5 mM formate were measured for their total folate content at 2 dpf. ***p-value < 0.001; **p-value < 0.01; *p-value < 0.05.




FD Interfered With Larval Visual Development

The impaired retina lamination and OMR found in FD larvae suggested visual defects and prompted us to examine the cellular differentiation in eyes. WISH with the riboprobes specific to lens epithelium (foxe3) and rod cells (rhodopsin) was conducted with larvae at 48- and 72-hpf. In comparison to wild-type, FD larvae displayed weaker signal and irregular distribution patterns for lens epithelium in a FD severity-dependent manner (Figures 9A,C). Diminished signal for rhodopsin was also observed in FD larvae, which was significantly rescued by supplementing with 5-CHO-THF and 5-CH3-THF, but not FA, supporting the causal effects of FD (Figures 9B,D). We also noticed that 5-CH3-THF provided a better rescuing effect for the distribution of rhodopsin signals. These results suggested that FD impeded the development of lens epithelium and photoreceptor, contributing to the visual dysfunction in FD larvae.
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FIGURE 9. Analysis of ocular cell differentiation in FD larvae and response to folate derivatives. (A,C) Control and FD larvae at 48 and 72 hpf were characterized with WISH for the spatial distribution of foxe3 (ocular lens marker) and quantified for the percentage of larvae displaying abnormal expression patterns. (B,D) The aberrant distribution of rhodopsin observed in the eyes of FD larvae revealed by WISH at 3 dpf were categorized into four scoring categories, based on the severity of anomalies displayed, with “3” to be normal and “1” to be complete lack of signal. The severity of abnormality was quantified by the averaged score of an anomaly for each larva observed for each experimental group, including those with/without folate supplementation. Data were obtained from at least three independent trials with the total sample numbers ranging from 7 to 80 for each group. C, control; M, mild folate deficiency; S, severe folate deficiency; FA, folic acid; 5-F, 5-CHO-THF; 5-M, 5-CH3-THF. Statistical data are shown in percentage of a group for (C) and mean ± SEM for (D). ***p < 0.001; **p < 0.01.


Our results showed that FD disturbed the expression of aldehyde dehydrogenase 1a3 (Aldh1a3), the enzyme catalyzing the formation of active vitamin A. Supplementing with retinoic acid improved eye size and OMR of FD larvae considerably (Figures 10A,B). Supplementing with retinoic acid also corrected rhodopsin expression found in FD larvae (Figures 10C,E). Retinoic acid is a vitamin A metabolite and a principal hormone required for a number of physiological processes, especially eye development. The successful rescue with retinoic acid suggested decreased availability of retinoic acid in FD embryos. The formation of all-trans-retinoic acid, the most active retinoid via retinal oxidation, is catalyzed by aldehyde dehydrogenases (ALDH). Meanwhile, Aldh1a3 is the most efficient subtype among all ALDHs. WISH results revealed an exclusive expression of aldh1a3 in the retina ventral of the lens in wild-type embryos at 30 hpf. Contrarily, the signal for aldh1a3 in FD larvae was significantly decreased, which was rescued by 5-CH3-THF supplementation (Figures 10D,F). No apparent difference was seen for aldh1a2 WISH signal between control and FD larvae. Our results suggested that the impaired retinoic acid supply, likely due to decreased aldh1a3 expression, contributes to the obstructed eye differentiation in FD larvae.


[image: image]

FIGURE 10. Ocular development in FD larvae and response to retinoic acid. Eye size (A) and OMR (B) of FD larvae with/without RA treatment were estimated at 5 and 7 dpf, respectively. The distributions of rhodopsin transcripts in larvae with/without RA supplementation were characterized with WISH at 3 dpf (C) and quantified (E). The distribution of aldh1a2 and aldh1a3 transcripts in larvae with/without RA supplementation were characterized with WISH at 30 hpf (D) and quantified (F). C, control; M, mFD; S, sFD. Statistical data are shown in mean ± SEM for (A,E) and percentage in a group for (B,F). ***p < 0.001; *p < 0.05.




DISCUSSION

Folate is crucial to a wide spectrum of biological processes, including gene activity control, cell proliferation and differentiation. Therefore, it is conceivable that multiple mechanisms are involved in FD-induced pathology, including maldevelopment of embryos. Our results revealed incoherent fluctuation among different folate adducts in response to disturbed FOCM in developing embryos, reflecting the contribution of multiple pathways to FD-induced ocular defects. Based on our results obtained in the current study and reported in the literature, a potential pathomechanism contributing to the FD-induced ocular defects was proposed, in which the in a developmental timing-specific manner - and context-dependent modulation of folate status and folate enzyme expression was involved (Figure 11). (I) The decreased intracellular folate obstructed dNTP supply initially, leading to the impeded cell proliferation at early embryonic stages, increased apoptosis at later stages and malformed eyes ultimately. Consequently, the expression of mthfd1L was upregulated, in response to the decreased folate and dNTP, in an attempt to replenish intracellular nucleotides pool and recuperate cell proliferation. (II) Intracellular 5-CH3-THF was decreased initially due to the increased recombinant γ-glutamylhydrolase activity and enhanced folate exportation. The expression of mthfr was also decreased, which further lowered the level of 5-CH3-THF in FD embryos, likely affecting the intracellular methylation potential and epigenetic control (Kao et al., 2014). As embryogenesis proceeds, aldh1a3 expression was decreased, leading to impaired retinoic acid production, maldeveloped photoreceptors and visual defects. The phenotypic evidence and the potential pathomechanisms provided in the current study connect FOCM homeostasis to embryonic ocular development. The observations that different folate adducts offer differential rescuing effects for a specific FD-induced pathological phenotype imply context-dependent importance of different folate adducts. Our results also suggest that the causal mechanisms underlying the targeted diseases shall be taken into consideration while choosing a proper folate adduct for supplementation against a specific FD-related disease.
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FIGURE 11. Proposed mechanism of FD-induced ocular defects. Solid lines indicate the experiments that were demonstrated in the current studies; dotted lines indicate the rationales supported by the listed references ([1] Henry et al., 2017; [2] James et al., 1994; [3] Leung et al., 2017; [4] Irwin et al., 2016; [5] Arasaradnam et al., 2008; [6] Bryant et al., 2018; [7] Duan et al., 2016).


The differential rescuing effects provided by different folate adducts revealed irreplaceability among folate adducts. Folate adducts have usually been considered interconvertible among each other although they are different in their structures, properties and activities. FA is the most commonly consumed folate since it is included in folate fortified food and daily nutrient supplements. Adverse effects have been documented for long-term consumption of high-dose FA (Saitsu et al., 2003; Field and Stover, 2018). 5-CH3-THF is the most stable reduced folate. The advantage of supplementing with 5-CH3-THF had been reviewed, yet the enhanced toxicity of anti-folate compounds in the presence of 5-CH3-THF had also been reported (Kao et al., 2010; Scaglione and Panzavolta, 2014). 5-CHO-THF appeared to provide the best rescuing effects for both microphthalmia and visual dysfunction in FD larvae. 5-CHO-THF is also the folate supplement commonly prescribed for patients receiving anti-folate chemotherapy. Nonetheless, that decreased 5-CH3-THF level caused by methotrexate exposure in growing embryos could not be reversed by 5-CHO-THF supplementation also suggest the incompetence for a comprehensive rescuing effect with 5-CHO-THF (Kao et al., 2013). Therefore, proper caution shall be taken when folate supplementation and anti-folate drug are considered for preventive or therapeutic use. The diverse impact brought by folate supplementation also reflects the incompleteness of our knowledge on the biological properties and regulation of folate and FOCM. Further in-depth investigations on the impact of supplementing with different folate adducts are in need.

The incoherent fluctuation among different folate adducts in response to FD echoes the context-dependent and developmental timing-specific regulation of FOCM. Proper partitioning of one-carbon units among the reactions requiring one-carbon units are crucial to fulfill the metabolic needs under a specific physiological circumstance. The incoherent fluctuation among 5-CH3-THF, THF, and 10-CHO-THF, in terms of timing and composition, may provide embryos with the flexibility to deal with various stressful situations raised from different physiological needs (e.g., cell proliferation vs. differentiation) or pathological threats (e.g., compounds toxicity and malnutrition). It might also explain why inconsistent effects of folate supplementation were sometimes observed in clinical practice. For example, high seral folate levels were associated with a lower propensity for allergy, atopy, and wheezing; whereas maternal FA supplementation was reported for an increased risk of infant bronchiolitis and childhood asthma (Haberg et al., 2009; Whitrow et al., 2009; Barua et al., 2014). It was found subsequently that the timing and dose of maternal FA supplementation during pregnancy played a key role in modulating the occurrence of childhood asthma (Veeranki et al., 2015; Yang et al., 2015). Studies also showed that FA administered during an ethanol-sensitive time window provided better rescuing effects than administered after ethanol exposure for the ethanol-induced optic defects (Muralidharan et al., 2015). It is documented that mammals are capable of diverting endogenous formaldehyde into FOCM for detoxification and promoting nucleotides synthesis (Burgos-Barragan et al., 2017), also demonstrating the context-dependent regulation of FOCM in response to various physiological circumstances and distinct metabolic needs.

Our data suggest a role for Mthfd1L in nucleotides supply and ocular development. Proper cell proliferation is essential for organogenesis including ocular development. Impeding cell proliferation had been shown to interrupt optic fissure closure and ocular morphogenesis (Christensen et al., 2013; Momb et al., 2013). The initial decrease and then quick recovery of 10-CHO-THF levels in FD larvae occurred in consort with the increased expression of mthfd1L, implying a compensatory effect for the up-regulation of mthfd1L. This speculation is supported by the improvement and worsening of microphthalmia in embryos injected with the mRNA and MO to increase and decrease the expression of mthfd1L, respectively. It is also supported by the successful rescue with formate and dNTP for FD larvae. It is conceivable that Mthfd1L also affected methylation potential since knocking down mthfrd1L decreased 5-CH3-THF level, the folate required for S-adenosylmethionine formation. Our observations are consistent with the reports that Mthfd1L is crucial to both purine synthesis and methyl cycle (Bryant et al., 2018).

The intracellular 10-CHO-THF level is under stringent regulation and maintained within a stable and constant range. 10-CHO-THF is key to supporting nucleotide biosynthesis. Our results are in agreement with the reports that cells reversed cytosolic FOCM, in response to 10-CHO-THF depletion caused by mthfd1L knockout, to support cell growth and survival (Ducker et al., 2016). The up-regulation of mthfd1L could be a consequence of context-dependent gene regulation, in which the priority of nucleotides biosynthesis is maintained, likely in the expense of intracellular methylation potential.

MTHFR activity is crucial in controlling one-carbon flux in response to disturbed FOCM. We found that the intracellular 5-CH3-THF level is very sensitive to the depletion of intracellular one-carbon units. 5-CH3-THF is the most stable adduct among all reduced folates and crucial to SAM biosynthesis. Altered intracellular 5-CH3-THF content would profoundly affect cellular methylation potential and gene activity (Feng et al., 2017). Therefore, the high sensitivity of 5-CH3-THF level to intracellular folate content shall endow the cells with flexibility and capacity to deal with stress and stimulation by modulating genes activity quickly via methylation/demethylation to promote metabolic reprogramming and increase the cellular ability for adaption. 5-CH3-THF is generated in the unidirectional reaction catalyzed by MTHFR from 5,10-CH2-THF. Due to the irreversibility of reaction and “methyl-trap” associated MTHFR, this enzyme is crucial to modulate the partitioning of one-carbon units between methionine cycle (for methylation) and folate cycle (for nucleotide biosynthesis) (Leung et al., 2017). The decreased expression of mthfr observed in FD embryos throughout embryogenesis may act as a remedial measure to preserve one-carbon units within folate cycle for nucleotide formation, hence functionally coherent with the up-regulation of mthfd1L. Similarly, knocking-down mthfd1L in wild-type embryos, which led to decreased 5-CH3-THF, also decreased the expression of mthfr. Our results are in agreement with the studies showing that depletion of MTHFR helped retain the limited one-carbon units in folate cycle and echo the viewpoint that folate cycle for nucleotide biosynthesis was preserved at the expense of methionine cycle (Beaudin and Stover, 2009; Field et al., 2014; Leung et al., 2017). In addition, the interplay between mthfd1L and mthfr expression highlights the differential regulation of one-carbon units partitioning among cellular compartments and reactions. The metabolic reprogramming involving the differential regulation of mthfr and mthfd1L expression in response to FD exemplifies the context-dependent regulation of metabolic enzymes to prioritize the biochemical pathways vital for survival to support cellular and individual adaptability under stress.

The observations that RA significantly rescued FD-induced ocular defects evidences the link between folate and retinoic acid metabolism. We found that contrary to aldh1a2, which contains no potential methylation site, a CpG island has been identified in zebrafish aldh1a3 promoter region (data not shown). This potential difference in the susceptibility to methylation regulation may provide the explanation for the different expression patterns between aldh1a2 and aldh1a3 in FD larvae, as well as the significant improvement in larval vision when 5-CH3-THF was used for rescue. The expression of human ALDH1A3 was also reported to be associated with the methylation status of promoter in multiple malignancies (Shames et al., 2006; Kim et al., 2013; Marcato et al., 2015). In addition, several RA response elements (RARE) are identified in zebrafish aldh1a3 promoter, suggesting an RA-mediated feedback loop, as reported for the expressional regulation of human ALDH1A3 (Koenig et al., 2010). Our results supported the functional connection between folate and RA, as well as the evolutionary conservation of ALDH1A3.
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Supplementary Figure 1 | Splicing MO efficiency test. (A) Scheme of potential PCR products of cDNA extracted from WT and mthfd1L splicing-interfering MO-injected embryos. (B) RT-PCR analysis of 1 dpf control and mthfd1L morphants, the major product was designated with white arrowhead for WT (product 1) and black arrow for mthfd1L morphants (product 2).

Supplementary Table 1 | Primers used for RT-PCR and real-time PCR in this study.
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Cancer cells often adapt their lipid metabolism to accommodate the increased fatty acid demand for membrane biogenesis and energy production. Upregulation of fatty acid uptake from the environment of cancer cells has also been reported as an alternative mechanism. To investigate the role of lipids in tumor onset and progression and to identify potential diagnostic biomarkers, lipids are ideally imaged directly within the intact tumor tissue in a label-free way. In this study, we investigated lipid accumulation and distribution in living zebrafish larvae developing a tumor by means of coherent anti-Stokes Raman scattering microscopy. Quantitative textural features based on radiomics revealed higher lipid accumulation in oncogene-expressing larvae compared to healthy ones. This high lipid accumulation could reflect an altered lipid metabolism in the hyperproliferating oncogene-expressing cells.
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1. INTRODUCTION

Cancer is the second leading cause of death responsible for about 1 out of 6 deaths worldwide. According to the World Health Organization one defining feature of cancer is the rapid creation of abnormal cells that grow beyond their usual boundaries and then invade adjoining parts of the body and spread to other organs (WHO, 2010). These abnormal cells differ from their non-transformed counterparts in morphology, proliferative and migratory potential, metabolism, and cellular interactions. Metabolic adaptation of cancer cells, including lipid metabolism, has been identified as one of the important factors for tumor growth (Vander Heiden and DeBerardinis, 2017).

Lipids are organic molecules used by cells as an essential component of membranes compartmentalizing structures and organelles within the cell as well as separating the cell from other cells. Lipids are also used to store energy and to modify proteins (Munir et al., 2019). Due to their increased proliferation, cancer cells are in high demand of fatty acids for the synthesis of lipid membranes and to provide energy. This often induces alterations in lipid metabolism to satisfy the increased fatty acid demand and to allow for the survival of cancer cells. Alteration in lipid metabolism has become a hallmark in many solid tumors and has been recognized as an important rewriting phenomenon in tumor cells (Maan et al., 2018). Several studies have demonstrated that changes in lipid content could serve as a novel biomarker for cancer detection; furthermore, targeting lipid metabolism could be an innovative therapeutic anti-cancer strategy (Long et al., 2018; Maan et al., 2018). Therefore, studying lipid metabolism at cellular and subcellular levels will give new insights into carcinogenesis to instruct the development of targeted and efficient treatment of patients. As lipid metabolism is largely conserved among species ranging from plant (Nguyen et al., 2011), yeast (van Zutphen et al., 2014), C. elegans (Lapierre et al., 2011) to zebrafish (Anderson et al., 2011) and humans, animal models can be used to obtain relevant insights (Schlegel and Stainier, 2007). In preclinical cancer research, zebrafish (Danio rerio) has gained popularity over the last years and has been established as an in vivo cancer model offering many benefits. Zebrafish are small, easy, and cheap to house. Moreover, this small fresh water fish shares approximately 81% of human disease related genes (Howe et al., 2013). Nowadays, several zebrafish cancer models have been established, including leukemia, melanoma, neuroblastoma, liver, pancreatic, and testicular cancer (Mione and Trede, 2010). High fecundity, with females producing up to 300 embryos per week, makes such models especially suitable for large-scale drug screening. Most importantly, the transparent nature of zebrafish embryos provides a unique opportunity to investigate cancer cells and their microenvironment by optical microscopy. Indeed, by using transgenic fluorescent zebrafish reporter lines highlighting distinct cell populations or activity of signaling pathways by fluorescence or even by observing endogenous markers in wild-type zebrafish, optical microscopy can objectively and non-invasively identify, evaluate, and assess changes between healthy and pathological embryos. This offers even the possibility of longitudinal studies with follow up over several days (Lieschke and Currie, 2007; Keller, 2013; Abu-Siniyeh and Al-Zyoud, 2020).

Fluorescence microscopy based on single photon absorption is the most common approach used to track specific cell populations labeled with bright fluorescent proteins (Pan et al., 2013; Li et al., 2019; Balla et al., 2020). However, this method is work-intensive and bears the risk of introducing artifacts by expression of exogenous proteins (Lipták et al., 2019). Spectral overlap of fluorescent proteins typically prevents to study more than 3–5 biomarkers at once. Moreover, out-of-focus photobleaching, toxicity, scattering, absorption, and signal loss are common drawbacks when imaging biological tissue with single photon excitation (Georgakoudi and Quinn, 2012). Multiphoton techniques can be used to overcome these restrictions. Compared to single photon fluorescence microscopy multiphoton improves depth penetration and reduces photo damage as a result of employing near infrared femtosecond lasers. It is uniquely suited to perform studies with "minimal" invasion over long periods of time to provide excellent insight on dynamic biological processes offering time scales from microseconds to days or weeks.

Multiphoton microscopy based on nonlinear optical processes is the method of choice for imaging living, intact tissue on a molecular level throughout the entire organism with molecular endogenous and exogenous contrast. Two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) imaging have been used for imaging zebrafish (Abu-Siniyeh and Al-Zyoud, 2020). Neural population activity and organogenesis have been investigated in transgenic fluorescent zebrafish with TPEF microscopy (Renninger and Orger, 2013; Abu-Siniyeh et al., 2016). Gene expression and wound healing have been studied using endogenous contrast mechanism by means of SHG (Hsieh et al., 2008; LeBert et al., 2015, 2016). Still, metabolic adaptations are challenging to image in the native cell environment, e.g., without the use of labels, and few optical methods are available. TPEF has the capability to image metabolic activity but is limited to the cellular optical redox ratio by inducing the endogenous fluorescence response of flavin adenine dinucleotide (FAD) and the reduced form of nicotinamide adenine dinucleotide (NADH) and detecting either the fluorescence intensity or fluorescence lifetime (FLIM) (Skala et al., 2007; Quinn et al., 2013; Stringari et al., 2017; Cao et al., 2020).

Coherent Raman scattering (CRS) has emerged as powerful imaging tool offering a unique opportunity to image metabolism by tracking specific endogenous molecules of interest (Yue and Cheng, 2016). CRS is able to excite molecular vibrations offering label-free chemically selective imaging, because certain molecules have a distinctive signature produced by the vibrations of their chemical bonds (Cheng and Xie, 2016). CRS is a nonlinear optical process driving a vibrational transition in a molecule with two photons, followed by a third photon that probes the induced vibrational coherence of this molecule. Two short pulsed laser beams, the pump of frequency ωp and the Stokes of frequency ωS, are used. When the frequency beating ωp − ωS matches the vibrational frequency of a molecule, two major processes occur simultaneously, namely stimulated Raman scattering (SRS) and coherent anti-Stokes Raman scattering (CARS). In SRS, the signal is obtained by an increased intensity on the Stokes beam (stimulated Raman gain) or a decreased intensity on the pump beam (stimulated Raman loss), and thus SRS requires modulation schemes and lock-in or tuned amplifier detection approaches (Freudiger et al., 2008; Slipchenko et al., 2012). CARS signal is generated at a new frequency 2ωp − ωS, away from the excitation frequency and thus the experimental requirements are more relaxed in respect to SRS, e.g., the signal can be detected with a photomultiplier tube (PMT). CRS allows the use of the spectral focusing method to add a frequency dimension to the microscopic image allowing for fast and easy switching of the vibrational excitation frequency by means of chirped laser pulses (Hellerer et al., 2004). Through the obtained hyperspectral image spatial discrimination of different molecular components within the sample can be performed. CRS has been extensively used to visualize lipids through their carbon-hydrogen (C-H) bonds due to their high Raman cross-section (Huff et al., 2008; Kim et al., 2010; Le et al., 2010b). Several studies showed that CRS microscopy can be used to investigate different types of living tissues including cell culture (Potcoava et al., 2014), mouse (Le et al., 2009; Uckermann et al., 2014; Liu et al., 2019), C. elegans (Le et al., 2010a; Shi et al., 2018), and zebrafish (den Broeder et al., 2017) models. As mentioned before, altered lipid metabolism has been identified as a biomarker for several types of tumors and thus CRS represents a promising way to investigate lipid content within the tumor microenvironment (TME).

The ability to describe subtle changes in tumor cells and their environment is an important step to understand molecular dynamics. Conventionally, statistical imaging analysis methods based on the intensity of individual pixels, namely mean and standard deviation, are used to extract quantitative values. In recent years, radiomics has emerged as scientific field that extracts large amounts of quantitative features from images to characterize imaging patterns, conventionally, from radiological and hybrid datasets (Lambin et al., 2012). The radiomic process can be divided into distinct steps, such as image acquisition and reconstruction, image segmentation, features extraction and qualification, analysis, and model building. Each step needs careful evaluation for the construction of robust and reliable models to be transferred into clinical practice for the purposes of diagnosis, prognosis, non-invasive disease tracking, and evaluation of disease response to treatment (Rizzo et al., 2018; Devkota et al., 2020).

In this paper, we performed hyperspectral CARS microscopy to investigate lipid metabolism in a zebrafish cancer model. The CARS microscope, based on a compact and cost effective femtosecond Ti:sapphire laser with an inherently synchronized high power Yb fiber amplifier for Stokes generation as described in Andreana et al. (2017), was used to analyze the lipid content in oncogene expressing and healthy zebrafish larvae in vivo. Radiomics features were used to distinguish between healthy and cancerous tissue based on the lipid content shown on the CARS images. We followed the larvae longitudinally from 72 h-post-fertilization (hpf) up to 120 hpf and monitored changes that occur in the lipid content of an emerging tumor.



2. MATERIALS AND METHODS


2.1. Animal Model

Zebrafish (D. rerio) were maintained at standard conditions (Kimmel et al., 1995; Westerfield, 2000) according to the guidelines of the local authorities under licenses GZ:565304/2014/6 and GZ:534619/2014/4. Transgenic zebrafish strains Et(SP8b:KalTA4,UAS:mCherry) Tg(UAS:EGFP-Hsa.HRAS_G12V)io6 were used to target oncogene expression to the central nervous system (Distel et al., 2009; Santoriello et al., 2010). This leads to hyperproliferation of neural cells within the brain and the spinal cord in zebrafish larvae and, causing prominent “curved tail” and head deformation phenotypes at 5 days after fertilization (Figure 1C). To give an overview of the fluorescent co-expression with the oncogene, we show mCherry expression at location of RASG12V in Figure 1D. The image was taken on the PerkinElmer Operetta CLS with 5x Air objective. From now on, we will refer to oncogene-expressing and healthy larvae as “RAS+” and “RAS-” to indicate the presence or the absence of oncogenic RAS expression, respectively.
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FIGURE 1. Sample preparation for in vivo imaging. (A) Lateral view of coherent anti-Stokes Raman scattering (CARS) microscope objective showing the fish mounted in agarose gel. (B) Top view of fish mount showing the imaging region of interest (ROI) (blue dashed line). (C) Microscopic white light images of RAS- and RAS+ larvae showing the cancer phenotype (red arrows). (D) mCherry expression at location of RasG12V expression in a 96 hpf larvae. (E) Cross-section of the zebrafish larvae showing the ROI in depth (blue rectangle) with: sc, spinal cord; um, dorsal myotomes; lm, lower myotomes; nc, notochord; g, gut.




2.2. Sample Preparation

After spawning, eggs from RAS+ and RAS- zebrafish were maintained in E3 medium at 28°C under standard conditions. To suppress pigmentation, 1-phenyl 2-thiourea (PTU, CAS Number:103-85-5; Sigma Aldrich) was added to the medium at 24 hpf. For imaging, zebrafish were manually dechorionated and larvae showing a healthy or strong RAS-mediated phenotype were selected and transferred to a small water tank. Before imaging, zebrafish larvae were anesthetized in 100 mg/L tricaine (CAS Number 886-86-2; Sigma-Aldrich). Subsequently, larvae were transferred into a pipette with 250 μL of 1 % ultra-low gelling temperature agarose at 32°C (CAS Number 9012-36-6; Sigma Aldrich). The volume containing the zebrafish larvae was then released into a sterilized glass bottom dish forming a semi-spherical volume (Figure 1A) to fix the larvae in space for imaging. The larvae were manually micro-positioned sideward, perpendicular to the optical axis and away from gel borders under a microscope as shown in Figures 1A,B. After gelification, the glass bottom dish was filled with E3 medium to preserve the humidity level of the gel during the imaging session and ensure survival of larvae. At this point, larvae were ready to be imaged. CARS images were taken from the same region of interest (ROI) in the tail for all larvae at the position of the two dorsal myotomes (blue rectangle in Figure 1E). The end of the yolk extension served as morphological reference (blue dashed line in Figure 1B). This covers the region, where strong hyperproliferation of neural spinal cord cells can be observed in RAS+ larvae.



2.3. Nile Red Fluorescence Imaging

Nile red (CAS Number 7385-67-3; Thermo Fisher Scientific) fluorescence imaging has been used to countercheck the signal of the label-free contrast by means of CARS microscopy. Indeed, its potential as fluorescent lipid stain has been exploited for many years (Greenspan et al., 1985). It is highly sensitive to the microenvironment polarity that induces distinct chromatic properties on the fluorescence excitation/emission spectra. The fluorescent peak emission is blue shifted as the polarity of the environment decreases, from deep red for polar lipids to yellow for neutral lipids. Therefore, it has been extensively used to selectively investigate polar and neutral lipids such as phospholipid bilayer and triglyceride. In this work, we make use of this chromatic property to image triglyceride content in living zebrafish larvae. In vivo imaging of 120 hpf zebrafish larvae stained with Nile red, following the protocol as in Minchin and Rawls (2011), has been performed with a Leica confocal microscope using 510 nm laser line excitation and detection window between 520 and 605 nm to ensure visualization of triglycerides' tissue distribution content. For comparison reasons, we have used a Fluotar VISIR 25x/0.95 water immersion objective, which gives a rather similar spatial resolution to the CARS images.



2.4. Imaging Conditions and System

In vivo zebrafish measurements were conducted using an epi-detecting label-free imaging platform as described in Andreana et al. (2017) and the geometry shown in Figures 1A–C. In brief, CARS imaging was performed by means of chirped pulses, the so-called spectral focusing implementation, with the pump and the Stokes laser beams centered at 805 and 1,050 nm, respectively, not only to be in resonance with but also covering the C-H stretch vibration region. Spectral focusing was configured to reach a spectral resolution of ~ 35 cm−1, enabling sufficient spatial-spectral discrimination between the CH2 stretching vibration at 2,845 cm−1 corresponding to lipid molecules and contribution from the agarose gel at ~ 3000 cm−1. The laser beams were focused onto the sample through a 40x/0.8 water immersion microscope objective with a 0.8 numerical aperture and a working distance of 3.5 mm. Pump and Stokes beam powers at the sample were kept constant during all the experiments at 25 mW and 10 mW, respectively. Epi-CARS signal was detected through the same illuminating objective spectrally separated from the excitation beams and detected with a PMT. The combination of spectral focusing CARS and epi-detection scheme ensures an improved ratio between resonant and nonresonant contributions of the CARS signal. Average acquisition time was 0.8 s for a 512 × 512 pixel CARS image. The spectral scan data set of 240 time points took about 100 s over the C-H stretch region from 2,500 to 3,500 cm−1.



2.5. Data Analysis

While the ability to track associations between lipid CARS images and pathology is important, it is equally important to have the ability to track such correlations using quantifiable measures for objective comparison. Image data analysis was performed on the CARS images to highlight these associations.

Initially, a simple evaluation of the CARS images properties was performed based on the intensity of individual pixels to relate the amount of lipid deposited in a specific ROI with the image contrast. Other than the absolute intensity value detected by the sensor (which will later become the image's pixel), we used mean and standard deviation to obtain the intensity levels of the selected ROI in the images. The mean provides measures of the overall lightness/darkness of the ROI, while the standard deviation describes its overall contrast. These measures are associated to the amount of lipid detected in a specific region. The identified ROI for these measurements corresponded to a single dorsal myotome of the zebrafish larvae (white dashed line in Figure 2A). For comparative measurements between RAS+ and RAS- larvae at progressing developmental stages, the ROIs were matched in terms of dimensions (number of pixels). Image intensity of the ROI was normalized as a function of the PMT gain and thresholding was performed taking the notochord wall intensity as a reference. Thereby, we ensured that the measurement was not affected by slightly different experimental settings for each larvae. Mean and standard deviations were calculated by using the open source software ImageJ (Schindelin et al., 2012). At this point, we performed statistical analysis for each developmental stage between RAS+ and RAS- zebrafish larvae (n = 3) on the normalized ROI. Shapiro–Wilk W test for normality distribution was initially performed (Royston, 1992). The null hypothesis at significance level of 0.05 was in all 3 cases (76, 96, and 120 hpf) not rejected. Furthermore, two-tailed Welch's t-test was used, thereby p-values smaller than 0.05 were considered as significantly different.
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FIGURE 2. In vivo hyperspectral coherent anti-Stokes Raman scattering (CARS) images. (A) CARS image of healthy zebrafish larva at 120 hpf at 2,845 cm−1, field of view (FOV) is 80 × 80 μm2. (B) High-resolution CARS image of the green dashed square in (A) showing contrast coming from the lipid content of the muscle cells, FOV is 30 × 30 μm2. (C) Quadratic power dependency of the CARS signal of the white dashed rectangle area in (A) respect to the pump power intensity. R-squared of the quadratic fit is 0.9889. (D) Spectral information provided by hyperspectral CARS allowing discrimination between the resonant signal of lipids and 1% agarose gel.


Moreover, exploratory quantitative analysis of the underlying image pattern characteristics was performed including numerical radiomic features. Hence, the CARS images underwent radiomic analysis utilizing the radiomic engine of python version 3.6.8 (pyradiomics version 2.2.0, van Griethuysen et al., 2017), which has been certified as being compliant with the Imaging Biomarker Standardization Initiative (IBSI) guidelines (Zwanenburg et al., 2020). The radiomic features were correlated with their respective label (RAS-/RAS+) using point-biserial correlation (Tate, 1954). The bin size for pixel value discretization before radiomics was chosen as 98 from the value range of 1–100 automatically so that the lowest feature significance p-value was minimized. This bin width resulted in max 5 number of bins. Features having p-value lower than 0.05 were further analyzed and decoded to describe the textural characteristics differences of the RAS+ and RAS- cases.




3. RESULTS

In order to confirm the origin of the CARS signal from all measurements, we performed experimental checks on the collected signals. Typically, the contrast in CARS microscopy arises from molecular specific and non-specific signals, the so-called resonant and nonresonant contributions. Indeed, in this complex living system this is a key point for the correct interpretation of the images. Considering the representative image in Figure 2A and the corresponding high-resolution image in Figure 2B, the power dependency and the spectral shape of the signal of the myotome (white dashed rectangle) and the sarcomeres were evaluated. Indeed, quadratic and linear dependencies of the signal were found for pump and Stokes intensities (see Figure 2C), respectively, and the detected signal disappeared when pump or Stokes beam was out of resonance or blocked. Hence, the collected signal was assigned as resonant CARS contribution of muscle fibers. Moreover, the spectral information carried by each pixel by means of spectral focusing CARS allowed the discrimination of the resonant molecules. We assigned the signal at 2845 cm−1 to the lipid-rich structure of the muscles fibers as shown in Figure 2D. We also spectrally identified and characterized the resonant signal of the agarose gel, which did not interfere with the resonant lipid signal of interest as shown in Figure 2D.

For careful investigation of the lipid distribution in the CARS images and its role during cancer formation, we performed two different measurements. We first analyzed the lipid distribution of RAS- and RAS+ larvae in depth along the z direction on the selected ROI as described in section 2.2 from the muscle surface down to the middle of the notochord (Figure 3). Subsequently, we investigated the behavior over time from 72 to 120 hpf. For comparative investigation, we focused the laser beams always on the same ROI and at a depth of around 50 μm from the muscle surface.
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FIGURE 3. In vivo coherent anti-Stokes Raman scattering (CARS) images at 2,845 cm−1 at three different depths for RAS- (left) and RAS+ (right) larvae. nc, notochord; um, dorsal myotome region. All images have a FOV of 100 × 100 μm2.


Figure 3 shows representative images of the lipid distribution in depth for 120 hpf larvae. In healthy larvae, the well-organized lipid distribution is clearly visible. The corresponding CARS signals are coming from lipid-rich structures within the dorsal myotome (um), where muscle fibers are clearly visible. The myotomes are followed in depth through their lipid content. The notochord (nc) is also visible at depths from 40 to 75 μm since its cell membrane structure is composed of a mixture of lipids and proteins. The CARS images of RAS+ fish have a totally different appearance. The organized lipid distribution from the muscle fibers found in healthy larvae can be barely identified at the surface. Deeper in the tissue this arrangement is completely lost and a cluster of high-intensity lipid signal is visible. We can identify a region, where there is high-clustered lipid content overwhelming the expected CARS signal coming from the muscle fibers at depths from 40 to 75 μm as observed in the healthy case. This ROI corresponds to the enlarged spinal cord location, where RAS expressing cells are situated and are proliferating.

Additionally, we performed independent in vivo measurements to confirm the distribution of lipids as observed by CARS microscopy. Here, Nile Red staining highlighting neutral lipids (triglycerides) in RAS+ and RAS- larvae was performed and 120 hpf larvae were imaged by confocal microscopy to show triglycerides content. The comparative results of Nile red showing similar phentotype than the CARS images are shown in Figure 4.
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FIGURE 4. In vivo confocal images of Nile Red stained RAS- (A) and RAS+ (B) 120 hpf larvae imaged with 25x, 0.95 NA water immersion objective. The contrast is based on fluorescence of Nile Red excited with 510 nm laser excitation showing lipid (triglycerides) distribution and content. All images have a field of view (FOV) of 100 × 100 μm2.


The CARS images from the longitudinal study from 72 to 120 hpf are shown in Figure 5. RAS- larvae at different developmental stages show well-organized myotomes and muscle fibers at all time points. The corresponding CARS signals increase according to the growth of the larvae due to the augmented lipid content in muscle fibers. In the RAS+ fish, the well-organized myotome structure is not visible anymore at any stages as predicted from results with 120 hpf old fish. An increasing clustered lipid content is observed. As well the expected contrast coming from the notochord is not as clear as in the healthy cases due to the high lipid content overwhelming all other signals. Indeed, the dynamic range of the images, especially for the 120 hpf cases, has been mainly filled with the lipid signal coming from the ROI corresponding to the dorsal myotomes. Hence, the lipid signal of the notochord is not visible anymore. At 72, 96, and 120 hpf, the clustered detected lipid signals correspond to the ROI, where hyperproliferating cells are situated.
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FIGURE 5. Longitudinal in vivo coherent anti-Stokes Raman scattering (CARS) images at 2,845 cm−1 for RAS- and RAS+ larvae from 72 to 120 hpf (left and right columns). All images have a field of view (FOV) of 100 × 100 μm2. The single image contrast is optimized for better visualization. Center column shows the lipid distribution on the specific region of interest (ROI). Significant differences between the 3 groups with n = 3 (72, 96, and 120 hpf) are shown (*p < 0.02, **p < 0.03, and ***p < 0.04).




4. DISCUSSION

The observed lipid content in the CARS images has been investigated by means of mean and standard deviation of the intensity distribution within a single image and radiomic analysis as described in section 2.5. First, mean and standard deviations on a normalized ROI have been calculated. Results are highlighted in Figure 5 for 72, 96, and 120 hpf RAS+ and RAS- larvae. When comparing results at the three developmental time points for the healthy cases only, the mean value indicates that lipid content is following the growth of the myotome as an increase in lipid signal can be observed. Still, the same trend is also clearly visible for the RAS+ cases. However, clear evidence of different lipid content is observable when comparing RAS- to RAS+ larvae at each of the three analyzed time points. Since the mean value provides a measure of the overall contrast of the CARS images in the selected ROI and the image contrast is related to the amount of lipids, it can be seen that the region with oncogene expressing cells in the RAS+ larvae contain higher amounts of lipids compared to healthy larvae at the same time point. The standard deviation provides a confirmation that a different biological mechanism is taking place involving lipid molecules. Indeed, the high standard deviation as observed in the RAS+ larvae yields to high clustering in the images as shown in Figures 3, 5, and thus high variation in the lipid distribution within the ROI. The above-described pattern is supported by the Nile Red staining experiments. Indeed, after performing the same image analysis based on pixel intensity, confocal images in Figure 4 show ~ 1.6 times higher lipid content in the RAS+ larvae when compared with the RAS- one.

Second, for objective evaluation radiomics analysis has been performed. Dependence variance is a gray level dependence matrix (GLDM) metrics, which characterizes the gray value dependence size in the image. (i) Dependence is defined as the number of connected pixels that are dependent (similar) to a center pixel, meaning in case of more homogeneous textures this dependency is higher. (ii) Normalized non-uniformity measures the similarity of run lengths in the image. (iii) Run length refers to the number of consecutive pixels having the same values in the image. Lower non-uniformity value indicates that the run length similarities are lower, which corresponds to more heterogeneous patterns. Short run emphasis describes the distribution of short run lengths. Higher short run emphasis value indicates more fine textures. These three identified significant radiomic features had a negative correlation coefficient, implying that in case of RAS+ larvae these values are all decreased compared to RAS- larvae. This finding correlates with visual assessment, where RAS- cases represent a more balanced pattern, composed of small but homogeneous subregions. Overall, these findings indicate that the lower the dependence variance (surrounding pixels are different than center pixel), the lower the run length similarities (high variation in homogeneous subgroup sizes), and the lower the short run length emphasis (many small homogeneous connected pixels – distorted texture), the more likely a tissue is malignant. For the distribution and correlation of these prominent features, see Table 1. These initial findings imply that the textural characteristics of RAS+ vs. RAS- cases can be more accurately characterized with advanced radiomic analysis compared to more conventional statistical tools, e.g., mean and variance. This could open the potential for future radiomic-based predictive models that aim to automatically characterize the aggressiveness of tumors in zebrafish specimen.


Table 1. Distribution of the three most prominent features associated with RAS+ vs. RAS- for 72, 96, and 120 hpf zebrafish larvae.
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The results shown give an objective evaluation that hyperproliferative cells accumulate higher amounts of lipids compared to untransformed cells in our animal model from early stages on. Indeed, under non-pathological cellular conditions there is a balance between lipid production and the amount used. Recent studies have suggested that cancer cells with RAS mutations exhibit altered metabolism including an enhanced lipid synthesis (Oba et al., 2018). The high lipid accumulation observed by means of CARS microscopy in RAS+ larvae fits with these previous studies. Changes in lipid content as observed in our longitudinal study indicate that lipid metabolism alterations could serve as biomarker that can be traced over time by non-invasive and label-free CARS microscopy in combination with radiomics opening up clinical applications (Figure 5).



5. CONCLUSIONS

Label-free in vivo imaging of lipids in zebrafish larvae from 72 to 120 hpf has been performed by means of hyperspectral CARS microscopy. Lipid distribution was investigated in oncogene-expressing and healthy larvae by means of standard statistical tools and more advanced tools like radiomics. It was shown that multiple radiomic features have a significant negative correlation with the cancer state of zebrafish larvae. However, due to the small sample size for the radiomic analysis, further investigation with a larger cohort is needed in order to determine whether the discovered relation holds true in a more representative cohort. It has been demonstrated that CARS microscopy can be used to track lipid content in living larvae revealing increased lipids in tumor-developing zebrafish larvae. This trend has been confirmed by Nile Red staining experiments. Our results indicate that CARS microscopy is a suitable method to investigate lipid metabolism in living zebrafish larvae during development and tumor formation. We anticipate that using hyperspectral CARS microscopy will allow for detailed characterization of lipid metabolism alterations during tumorigenesis. Furthermore, we envision that our CARS microscopy approach can be implemented in label-free high throughput via radiomics automated screening platforms to identify compounds with anti-tumor effects by targeting lipid metabolism in zebrafish, which could ultimately be translated to clinical applications. Our platform could help to better understand mechanisms underlying cancer development. While the data and the analysis presented in this paper are preliminary and further investigation with a larger number of samples is required, our proposed approach based on the combination of radiomic analysis and label-free CARS microscopy has high potential for an improved understanding of lipid metabolism and for high throughput in vivo zebrafish drug screening.
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Metabolic rewiring is a critical hallmark of tumorigenesis and is essential for the development of cancer. Although many key features of metabolic alteration that are crucial for tumor cell survival, proliferation and progression have been identified, these are obtained from studies with established tumors and cancer cell lines. However, information on the essential metabolic changes that occur during pre-neoplastic cell (PNC) development that enables its progression to full blown tumor is still lacking. Here, we present an untargeted metabolomics analysis of human oncogene HRASG12V induced PNC development, using a transgenic inducible zebrafish larval skin development model. By comparison with normal sibling controls, we identified six metabolic pathways that are significantly altered during PNC development in the skin. Amongst these altered pathways are pyrimidine, purine and amino acid metabolism that are common to the cancer metabolic changes that support rapid cell proliferation and growth. Our data also suggest alterations in post transcriptional modification of RNAs that might play a role in PNC development. Our study provides a proof of principle work flow for identifying metabolic alterations during PNC development driven by an oncogenic mutation. In the future, this approach could be combined with transcriptomic or proteomic approaches to establish the detailed interaction between signaling networks and cellular metabolic pathways that occur at the onset of tumor progression.
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INTRODUCTION

Altered metabolism is a hallmark of cancer development that underpins the uncontrolled growth and proliferation of malignant cells (Hsu and Sabatini, 2008; Hanahan and Weinberg, 2011; Pavlova and Thompson, 2016). The original observation over ninety years ago by Otto Warburg has guided the cancer metabolism research field to elucidate mechanisms that contribute to enhanced aerobic glycolysis in cancer cells (Warburg et al., 1927; DeBerardinis et al., 2007; Heiden Vander et al., 2011). Initially it was assumed that mitochondrial damage and hence reduced oxidative phosphorylation lead to increased glycolysis (Warburg, 1956), but now it is widely accepted that this might not be the case. Instead, cancer cells actively alter their metabolic pathways so as to adapt to an anabolic life style associated with growth and proliferation (Cantor and Sabatini, 2012; Commisso et al., 2013; Boroughs and Deberardinis, 2015; Davidson et al., 2016; Biancur et al., 2017). Oncogene activation often leads to constitutively active growth factor signaling, which directly reprograms cellular metabolism to favor the macromolecular synthesis necessary for supplying nucleotides, proteins, and lipids for biomass expansion and cell division (Ying et al., 2012; Son et al., 2013; Pavlova and Thompson, 2016). Metabolic adaptation driven by different oncogenes leads to specific nutrient requirements in different types of cancer cells (Yuneva et al., 2012; Mayers et al., 2016; Ding et al., 2021). Such nutrient “addiction” could be exploited for targeted therapy (White, 2013; Alkan et al., 2018; Jin et al., 2019; Najumudeen et al., 2021).

Although it is generally accepted that metabolic adaptation is a hallmark of cancer, very little is known as to whether this metabolic reprogramming occurs at the pre-neoplastic stage of tumor development in vivo. PNCs acquire some features of tumor cells such as oncogenic mutation and clonal expansion. It is reasonable to assume that since the PNC re-enters the cell cycle and proliferates in contrast to its quiescent normal counterpart, there might be a measurable change in its metabolism. A better understanding of the metabolic requirement for PNC expansion might therefore provide an avenue for designing tumor prevention strategies and identify metabolic markers for studying tumorigenesis.

Untargeted or global metabolomics approaches analyze diverse classes of small molecules of low molecular weight (hereafter metabolites) within a single sample using separation technologies, state-of-the-art instrumentation and advanced data processing workflows. With an ultimate aim of capturing as many metabolites as possible, untargeted metabolomics allows viewing of the global metabolome and reviewing both known and unknown metabolic changes within any biological system using relative quantification across sample groups (Schrimpe-Rutledge et al., 2016). Such acquisition of data without pre-existing knowledge is a major advantage for new hypotheses generation; however, owing to the diverse composition of the metabolome, sample preparation, separation method and instrumentation platform directly impact the results obtained. Liquid chromatography (LC) coupled to mass spectrometry (MS) is a leading technology for the analyses of a broad variety of both polar and non-polar metabolites, particularly in complex biological samples such as those derived from mammalian systems. The versatility in metabolite coverage and sensitivity of instrumentation allows the detection and semi-quantification of several hundred metabolites within a sample. By incorporating ion mobility spectrometry (IMS) in LC-MS-based untargeted metabolomics, structural features of metabolites in complex matrices can be obtained by accessing drift time (tD) and collision cross section (CCS) values (with IMS) in addition to retention time (tR, with LC) and mass-to-charge values (m/z, with MS). When combined, the four parameters (tR, m/z, tD, CCS) provide increased resolution and more accurate identification of metabolites in complex biological samples (Odenkirk and Baker, 2020). Untargeted metabolomics using LC-MS-IMS thus allows an unbiased comprehensive study of the metabolites within PNCs, and offers the potential to reveal metabolic adaptation in cancer biology beyond the pre-conceived ideas.

In this study, we used an inducible zebrafish larval skin pre-neoplastic development model driven by the prototype human oncogene HRASG12V and developed a protocol to extract metabolites from larval skin tissue; we then performed untargeted metabolomics using LC-MS-IMS workflows to identify differentially presented metabolites in pre-neoplastic larval skin. Our analysis of these very early stage preneoplastic tissues identified metabolic alterations in pyrimidine, purine and amino acid metabolism, which are changes often reported in cancers. This work establishes a proof of principle for using the zebrafish larval skin model to assess metabolic re-programming induced by oncogene activation in PNCs during tumor initiation.



MATERIALS AND METHODS


Chemicals

Ammonia solution 0.88 SG, formic acid, OptimaTM LC/MS grade water, and OptimaTM LC/MS grade acetonitrile were purchased from Fisher Scientific (Loughborough, United Kingdom). Ammonium acetate was from Sigma-Aldrich (Gillingham, United Kingdom), and ammonium formate from Thermo Fisher Acros Organics (Geel, Belgium). (Z)-4-Hydroxytamoxifen (4-OHT) and MS222 (ethyl 3-aminobenzoate methanesulfonate salt, also called tricaine) were purchased from Sigma Aldrich (Gillingham, United Kingdom).



Animal Husbandry

Adult zebrafish were maintained in the Bioresearch and Veterinary Services (BVS) Aquatic facility in the Queen’s Medical Research Institute, the University of Edinburgh. Housing conditions were similar to those described in the Zebrafish Book (Westerfield, 2000) with 14/10 h light/dark cycle and water temperature of 28.5°C. The water quality, hardness and conductivity were controlled daily, and the pH was maintained at 7–7.5. All experiments were conducted with local ethical approval from the University of Edinburgh and in accordance with United Kingdom Home Office regulations (Guidance on the Operations of Animals, Scientific Procedures Act, 1986).



Zebrafish Lines

The zebrafish lines used in this study were generated in house by the Feng lab using Tol2 mediated transgenesis. Tg(krtt1c19e::KalTA4-ERT2; cmlc2::eGFP)ed201 (hereafter K19 Gal4 driver) drives basal keratinocytes (Lee et al., 2014) expression of the KalTA4-ERT2 transcription factor, together with cmlc2::eGFP for identification of transgene-containing larvae by GFP fluorescence in the myocardium (green heart). Tg(UAS::eGFP-HRASG12V; cmlc2::eGFP)ed203 (hereafter UAS:RAS) carries an UAS driven eGFP-HRASG12V expressing cassette and a cmlc2 promoter driven eGFP expression cassette as selection marker. Tg(UAS::eGFP-CAAX; cmlc2::eGFP)ed204 (hereafter UAS:CAAX) carries an UAS driven eGFP-CAAX expressing cassette and a cmlc2 promoter driven eGFP expression cassette as selection marker.



Zebrafish Breeding and Embryo Collection

Adult K19 Gal4 driver fish were set for pair mating with either UAS:RAS or UAS:CAAX fish in breeding tanks that contained a divider. The next morning, the dividers were removed, and the fertilized embryos were collected within the next 2 h to ensure synchronous development. The embryos were maintained in 90 mm petri dishes (maximum of 50 embryos/dish) containing 0.3 × Danieau’s solution (17.40 mM NaCl, 0.21 mM KCl, 0.12 mM MgSO47H2O, 0.18 mM Ca(NO3)2, 1.5 mM HEPES), in a 28.5 °C incubator.



Tamoxifen (4-OHT) Induction and Larval Selection

The detailed induction protocol is described in Ramezani et al. (2015). In brief, the induction solution consisted of 0.3 × Danieau’s solution with 5 μM 4-OHT and 0.5% DMSO to enhance penetration of 4-OHT. A 10 mM stock of 4-OHT dissolved in 96% ethanol was stored at −20°C protected from light. At 52 h post-fertilization (hpf), larvae were transferred to petri dishes containing 20 mL 4-OHT induction solution, at 50 larvae per dish. The larvae were then maintained at 28.5°C in the dark.

At 22 h post-induction (hpi; corresponding to 74 hpf), the larvae were anaesthetized with MS222 and appropriate phenotypes were screened and sorted. Larvae with 30–60% coverage of GFP positive skin cells were collected as pre-neoplastic cell (PNC) group, and larvae with GFP negative skin were collected as Wild Type (WT) siblings group (Figure 1). During screening, the embryos were placed in fresh 4-OHT induction solution and the sorted larvae were maintained at 28.5°C in the dark for an additional period to yield a total induction time of 24 h.
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FIGURE 1. Preneoplastic cell (PNC) induction and schematic workflow for untargeted metabolomics from zebrafish larval skin. (A) Adult K19:Gal4 driver fish were crossed with UAS:RAS. Embryos were transferred to petri dishes containing 4-OHT induction solution at 52 hpf. (B) At 22 hpi larvae with eGFP positive skin cells were collected as the preneoplastic cell (PNC) group. Single transgene siblings (with a green heart but with GFP negative skin cells) and wild type siblings (negative for both green heart and skin cells) were collected as wild type sibling (WT) group. (C) Metabolite extractions were carried out at 24 hpi. (D) Metabolites were detected by liquid chromatography coupled to ion mobility mass spectrometry LC-MS-IMS instrumentation. (E) Data processing was performed using the Agilent MassHunter 10 software suite. Feature extraction was performed using Mass Profiler 10.0 on the demultiplexed raw data fist, and after High Resolution Demultiplexing prior to feature annotation. (F) Finally, statistical analysis and data interpretation was performed using the web-based software MetaboAnalyst 5.0.




Metabolite Extraction From Zebrafish Larval Skin

For metabolite extraction, 10 biological replicates of the PNC group and sibling controls were used. The embryos were anaesthetized, washed twice with 0.3 × Danieau’s solution and transferred into 1.5 mL eppendorf tubes at 25 embryos/tube. Any remaining liquid was carefully removed by pipetting and 150 μL of ice-cold extraction buffer (chloroform:methanol:ddH2O, 1:3:1; chilled at −20°C prior to use) was added. The samples were placed on ice during handling and incubated at 4°C, 80 rpm for 40 min for extraction with further mixing after 15 and 30 min of incubation. The metabolite extracts had a yellowish color at the end of incubation while larvae remained intact. Samples were vortexed briefly, at high speed and centrifuged (15,000 × g) for 10 min at 4°C. The supernatants were transferred to pre-cooled 1.5 mL eppendorf tubes, which were immediately placed on dry ice. The samples were stored at −80°C until transported for LC-MS-IMS analysis on dry ice.



EdU Labeling and Whole-Mount Immunostaining

EdU labeling was carried out using the Click-iT Plus EdU Alexa Fluor 647 Imaging Kit (Life Technologies, C10640, Thermo Fisher Scientific, Loughborough, United Kingdom) as described previously (van den Berg et al., 2019). Briefly, at 62 hpf (10 hpi), 74 hpf (22 hpi), or 86 hpf (34 hpi), 1 nL of 10 mM EdU (5-ethynyl-2′-deoxyuridine, a nucleoside analog of thymidine) was injected into the yolk of the larvae. After 2.5 h incubation at 28.5°C, the larvae were fixed in 4% paraformaldehyde (PFA) for 30 min at room temperature (12 and 24 hpi samples) or o/n at 4°C (36 hpi samples). The larvae were permeabilized in phosphate buffered saline (PBS) containing 0.5% Triton X-100 (PBST) for 5 min three times, and blocked with PBST containing 3% (w/v) Bovine Serum Albumin (Sigma-Aldrich, Gillingham, United Kingdom) for 1 h. This was followed by 30 min incubation with the Click-it Plus reaction cocktail according to manufacturer’s instructions, using 250 μL of reaction cocktail per max 10 larvae. Following EdU labeling, larvae were washed with PBST for 5 min three times and re-blocked with PBST containing 5% (v/v) Goat Serum (Sigma-Aldrich, Gillingham, United Kingdom) for 2 h. eGFP immunostaining was performed with rabbit monoclonal anti-GFP antibody (1:200; cat. 2956, Cell Signaling Technology, London, United Kingdom) and Alexa Fluor 488 Goat anti-Rabbit secondary antibody (1:250; A-11008, Invitrogen, Thermo Fisher Scientific, Loughborough, United Kingdom) as described (van den Berg et al., 2019). Stained larvae were stored at 4°C in a glycerol based antifadent mountant (AF1, CitiFluor, Hatfield, PA, United States) until mounted for imaging.



Confocal Imaging, Data Analysis, and Statistical Analyses

Confocal imaging was performed using a Leica TCS SP8 AOBS confocal laser scanning microscope attached to a Leica DMi8 inverted microscope, with a 20 × dry lens, and excitation lasers 405, 488, and 633 nm were used. Percentage of EdU positive cells within eGFP positive cells were manually counted using the Imaris 9.0 software. In addition, PNCs were assessed for elongated shape and the presence of filopodia-like structures. Statistical significance was determined by multiple t-test using the Holm-Sidak method (EdU staining) and one-way ANOVA with Tukey’s multiple comparisons test (PNC morphology) using Prism 6 (GraphPad). Z projections of representative image stacks were generated using Fiji software (Schindelin et al., 2012).



Gene Expression Analysis of Flow Cytometry Sorted PNC and CAAX Cells

4-OH tamoxifen induced zebrafish larvae were screened for fluorescently labeled HRAS and CAAX and anesthetised with MS-222. The two groups of larvae, HRAS and CAAX control were dissociated using collagenase IV (25 mg/mL) in medium containing goat serum (2% v/v), HBSS, HEPES (15 mM) and D-glucose (25 mM). The two samples were incubated for 3 × 5 min at 28.5°C until fully dissociated. The cell suspensions were diluted with an equal volume of medium containing goat serum (10% v/v) in HBSS, HEPES, D-glutamine and kept cold on ice. DAPI was added to distinguish dead cells and the samples were sorted on a BD FACS Aria II instrument using a 100 μm nozzle, selecting for fluorescently labeled HRAS or CAAX populations. Batches of 1,000 cells were collected in Eppendorf tubes containing 4 μL 0.2% Triton X and RNAase inhibitor (Thermo Fisher Scientific). The samples were processed for cDNA synthesis using a modified Smart-seq2 protocol (Picelli et al., 2014). Post clean-up, the cDNA quality was assessed using a LabChip GX instrument. Gene expression was analyzed using LightCycler 480 SYBR Green I Master (Roche) on a LightCycler 96 system using the following primers; sat1a.2_for 5′-CC GTTTTATCACTGCGTCGT-3′ and sat1a.2_rev 5′-AAAGC AGCTTCCCAATCCAG-3′, itpa for 5′-AGCCTGAGGGCTAT GACAAA-3′ and itpa_rev 5′-GTTTTGAGCGCTTGGTCT CT-3′, pnp5b_for 5′-TTCTCAGTCTTCATGCGGGA-3′ and pnp5b_rev 5′-CACCTCATGAACAGTGCTCA-3′, rrm2_for 5′-ACTGGGCACTCAACTGGATT-3′ and rrm2_rev 5′-GTC CCCTCTTCTTTAGCCAGA-3′.



Chromatography and Ion Mobility Mass Spectrometry Method

Chromatographic separation was performed using a SeQuant ZIC-pHILIC, 5 μm polymeric 4.6 mm × 150 mm column (Merck KGaA 1.50461.0001, Darmstadt, Germany) coupled to a SeQuant ZIC-pHILIC Guard 20 × 2.1 mm column (Merck KGaA 1.50437.0001, Darmstadt, Germany). Two different solvent systems of low and high pH were used to run a 30-min gradient. The solvent system for acquiring data in the positive ionization mode consisted of 10 mM ammonium formate in water with 0.1% formic acid, pH 3 (solvent A) and 10 mM ammonium formate in water/acetonitrile (1:9) with 0.1% formic acid, pH 3 (solvent B). Similarly, the solvent system for acquiring data in negative ionization mode consisted of 10 mM ammonium acetate in water, pH 9 (solvent A) and 10 mM ammonium acetate in water/acetonitrile (1:9), pH 9 (solvent B). The solvent gradient for both ionization modes consisted of 80% solvent B at the start of the run, which was reduced to 20% solvent B in 15 min, and further to 5% solvent B in 1 min, where it was maintained for 4 min. At 21 min the column was returned to initial conditions of 80% solvent B and maintained as such until 30 min. A constant flow rate of 0.3 mL/min was observed during the run and the column was maintained at 30°C. For analysis, 5 μL sample was injected into the column. A quality control sample generated by pooling equal volumes of each sample was injected five times at the beginning of the experiment to condition the column and after every five samples to monitor the instrument state over the course of data acquisition.

The LC-MS-IMS instrumentation consisted of an Agilent 1290 Infinity II series UHPLC system coupled to an Agilent 6560 IM-qTOF (both Agilent Technologies, Santa Clara, CA) with a Dual Agilent Jet Stream Electron Ionization source. In both ionization modes data was acquired in the 50-1700 m/z range, with an MS acquisition rate of 0.8 frames/s. The nebulizer pressure was set to 60 psi, gas temperature to 225°C and drying gas (N2) flow rate to 13 L/min. Sheath gas was set to 340°C with a flow rate of 12 L/min, and the instrument was operated at a capillary voltage of 3,000 V, nozzle voltage of 200 V, fragmentor voltage of 395 V, and octupole voltage of 750 V. Ionization mode parameters for the IMS are instrument specific and available upon request from the authors. Instrument calibration and tuning was performed separately for each ionization polarity using the ESI-L low concentration tuning mix from Agilent Technologies (Santa Clara, CA). A reference mass solution consisting of 50 μM ammonium trifluoroacetate, 5 μM purine and 1.125 μM HP-0921 was injected continuously into each sample to recalibrate for accurate mass and drift time during data processing. The ES-TOF reference mass solution kit was purchased from Agilent Technologies (Santa Clara, CA).



Data Acquisition, Processing, and Statistical Analysis

Data acquisition and processing were performed using the Agilent MassHunter 10 software suite. Briefly, ion multiplexed data files and calibration files acquired using MassHunter Data Acquisition 10.0 software were demultiplexed using the PNNL PreProcessor v2020.03.23. The default settings for demultiplexing, moving average smoothing, saturation repair and spike removal were applied to the data. The data files were recalibrated for accurate mass and drift time using the AgtTofReprocessUi and the IM-MS Browser 10.0, respectively. Two reference masses, m/z 121.050873 and 922.009798 (positive ionization mode) and m/z 112.985587 and 1033.988109 (negative ionization mode) were used for recalibration.

Molecular features were extracted in Mass Profiler 10.0 with a retention time tolerance of ± 0.3 min, drift time tolerance of ± 1.5% and accurate mass tolerance of ± (5 ppm + 2 mDa). The raw multiplexed data, the reconstructed demultiplexed data and Mass Profiler feature lists (.cef files) were used in the High Resolution Demultiplexer (HRdm) 1.0 beta v41 for further peak deconvolution (May et al., 2020). Molecular features were re-extracted from HRdm files using Mass Profiler 10.0 and annotated using accurate mass and CCS values with the McLean CCS Compendium PCDL (version 20191101; Picache et al., 2019). A CCS value tolerance of ± 1% was applied, and the positive ion species (M+H)+, (M+Na)+, (M+NH4)+, and the negative ion species (M-H)– and (M+CH3COO)– were searched.

Multivariate statistical analysis and pathway enrichment analysis were performed using the MetaboAnalyst 5.0 web-based platform (Chong and Xia, 2020). The data were log-transformed and auto-scaled. To get an overview of the entire dataset, both annotated and unannotated molecular features were used to generate PLS-DA plots and heatmaps. To perform pathway enrichment analysis, only the annotated features without the relative peak intensities was used. For more detailed analysis of the altered pathways, the list of annotated compounds with their relative intensities was submitted to the pathway analysis tool, log-transformed, auto-scaled and examined against the Danio rerio KEGG pathway library, using global test and relative betweenness centrality methods. The data was visualized as scatter plots. For the pathways identified to be significantly altered between the study groups, the dataset was manually screened to identify the intermediates that were not recognized by MetaboAnalyst 5.0 online platform owing to synonymous annotations. Box and whisker plots for all the identified metabolites were retrieved from the feature details view following PLS-DA analysis on MetaboAnalyst 5.0 online platform, and the normalized values are presented.

The eumelanin biosynthesis pathway intermediates were searched for in the dataset using accurate mass values. The only precursor identified was 5,6-dihydroxyindole-2-carboxylic acid with an accurate mass of m/z 193.03751. To calculate ATP to ADP ratio, the peak intensity values in the annotated dataset were used and relative abundance is presented. The 260 annotated features were classified into compound classes using ClassyFire, the web-based application for automated structural classification of chemical entities (Djoumbou Feunang et al., 2016). The output file was manually curated to unambiguously assign a compound class to the metabolite. The data is presented as a two-dimensional pie chart generated in excel.



RESULTS


HRASG12V Expression in Basal Skin Cells Rapidly Drives Enhanced Proliferation

Zebrafish larval skin is a bi-layer epithelium, in which the basal layer contains the stem cell compartment that gives rise to all strata of adult skin cells (Lee et al., 2014). A krtt1c19e promoter fragment has been shown to drive specific gene expression in this basal compartment (Lee et al., 2014). To achieve precise temporal control of oncogene expression, we used a tamoxifen inducible Gal4/UAS system (Figure 1A; Ramezani et al., 2015). This system relies on the combinatorial effect of two separate elements: the zebrafish optimized version of the transcription factor Gal4, KalTA4, fused to the modified ligand-binding domain of human estrogen receptor α (ERT2) expressed under the control of the krtt1c19e promoter, and the Upstream Activating Sequence (UAS) controlling the expression of eGFP fused to either HRASG12V or CAAX control (van den Berg et al., 2019). We induced eGFP-HRASG12V expression in basal skin cells from 52 hpf (Figure 1A) to drive pre-neoplastic cell (PNC) development. The membrane eGFP labeling of eGFP-HRASG12V expressing PNCs allowed us to visualize morphological changes of PNCs compared with control cells (Figures 2A,B,D). At 12 hpi most of PNCs maintain their typical keratinocyte polygonal shape or slightly rounded but around 4.6% of PNCs appear to lose their polygonal shape and became more stretched out, by 24 hpi the morphology of PNCs diversifies further with 24% acquiring a more elongated or irregular shape or developing filopodia-like structures compared with polygonal shaped control eGFP-CAAX expressing cells (Figures 2B,D and Supplementary Figure 4). EdU incorporation experiments indicate that PNCs acquire an enhanced proliferation capacity at 24 hpi (22.75 ± 4.95%) compared with CAAX controls (0.55 ± 0.55%) and 12hpi PNC (12.41 ± 3.46) (Figures 2B,C and Supplementary Data File 1). The cell morphology changes and enhanced proliferation rate of PNCs is maintained at 36 hpi (Figures 2C,D). Since enhanced proliferation and clonal expansion are key features of pre-neoplastic development, and the initial morphological changes that might indicate the beginning of cellular state change started at 24 hpi, we decided to use larvae at 24 h post RAS oncogene induction for our untargeted metabolomics study to capture the early metabolic alterations in tumor initiation (Figure 1).
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FIGURE 2. HRASG12V expressing PNCs show increased proliferation and altered morphology from 24 hpi. (A) Representative confocal image showing EdU labeling (Magenta) in skin cells expressing eGFPCAAX (Green) at 24 hpi. (B) Representative confocal image showing EdU labeling (Magenta) in skin cells expressing eGFPHRASG12V(Green) at 24 hpi. Yellow arrows indicate EdU+ve eGFP+ve cells, scale bar = 20 μm. (C) Graph showing increased proliferation in PNCs compared to eGFPCAAX expressing healthy skin cells 12 hpi (p = 0.057, n = 10); 24 hpi (p = 3.602e-011, n = 10), 36 hpi (p = 1,021e-07, n = 10), unpaired t-test with Holm-Sidak method for correction of multiple comparisons. (D) Assessing cell morphology shows that from 24 hpi, a significant proportion of PNCs have lost the normal polygonal shape and become elongated or developed long filopodia (one-way ANOVA with Tukey’s multiple comparisons test, ****p < 0.0001).




Whole-Mount Surface Extraction Coupled With LC-MS-IMS Allows a Comprehensive Survey of Metabolites From Zebrafish Larval Skin Tissue

In order to survey metabolic perturbations in the HRASG12V induced skin pre-neoplastic lesions, we developed a whole-mount metabolite extraction protocol (Figures 1B,C) using an ice-cold homogenous mixture of chloroform/methanol/water (1:3:1) as extraction solvent. A group of intact larvae were immersed in this solvent mixture and incubated for 40 min allowing unbiased extraction of both polar and apolar metabolites from the larval skin tissue. Pigment extracted from skin could be seen dissolved in the solvent resulting in a yellowish solution and leaving intact larvae with a pale color (Supplementary Figure 3). The metabolic extract was subjected to chromatographic separation using zwitterionic-phase hydrophilic interaction chromatography (ZIC-pHILIC) coupled to MS-IMS detection in positive and negative ionization modes (Figure 1D). By using retention time, m/z and ion mobility drift time and CCS values, a total of 7,094 molecular features were obtained in positive and negative ionization modes combined. Multivariate statistical analysis using partial least squares-discriminant analysis (PLS-DA) on all the molecular features, separated the pre-neoplastic group from the wild-type sample group (Supplementary Figure 1A). Using the McLean CCS Compendium library consisting of 1,446 metabolites, 1,376 (19.4%) molecular features corresponding to 260 metabolites were annotated in the dataset across the two sample groups, preneoplastic vs. healthy larval skin (Figure 1E). Of these, 170 (65.4%) metabolites were unambiguously classified into 13 compound classes, with an overrepresentation (64 of 260 metabolites, 24.6%) of phospholipids, including the skin lipids phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and sphingomyelin (SM) (Figure 3A and Supplementary Data File 2). Additionally, the eumelanin precursor 5,6-dihydroxyindole-2-carboxylic acid was also detected (using accurate mass search) in the extracts of both sample groups at similar level (Supplementary Figure 1B and Supplementary Data File 2), demonstrating efficient and consistent metabolite extraction from the larval skin tissue across samples. To verify that our protocol is restricted to extracting metabolites from skin tissue only, we specifically queried the metabolomics dataset for lactate (using accurate mass search), which is one of the most enriched metabolites in muscle tissue just underneath the skin. Interestingly, we could not detect lactate in our samples, suggesting that our extraction was likely to be limited to skin tissue.
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FIGURE 3. Metabolites extracted from zebrafish larval skin tissue. (A) Two-dimensional pie chart showing the distribution of 260 annotated metabolites assigned into compound classes using ClassyFire. The metabolites in each class are represented in the wedges and indicated with a number. (B) Heatmap generated using MetaboAnalyst 5.0 online platform showing the preneoplastic cell (PNC) and control (WT) groups for N = 10. The normalized relative abundance is presented in a gradient from blue (low) to red (high). (C) Scatter plot of Danio rerio KEGG metabolic pathways identified in the metabolomics dataset. The p-values from the pathway enrichment analysis are shown in darker color indicating more significant changes within a pathway, while the pathway impact values from the pathway topology analysis are depicted by the size of the node. Significantly (p < 0.05) impacted pathways are numbered and tabulated: 1, Aminoacyl-tRNA biosynthesis; 2, Arginine biosynthesis; 3, Purine metabolism; 4, Amino sugar and nucleotide sugar metabolism; 5, Phenylalanine, tyrosine and tryptophan biosynthesis. The match column shows the number of metabolites identified within the KEGG pathway.


Further analysis of the 260 annotated metabolites showed differences in their relative abundance across the sample groups and the expected biological variation across the dataset (Figures 1F, 3B), emphasizing the need for multiple biological replicates to capture the true variation in the zebrafish larval skin model. A pathway enrichment analysis of the 260 annotated metabolites identified the representation of five statistically significant (p < 0.05) pathways corresponding to purine, amino acid and aminoacyl-tRNA metabolism in the dataset (Figure 3C).



Comparative Analysis Identifies Metabolic Pathways Altered in Preneoplastic Development 24 h Post-HRASG12V Induction

To identify the metabolic pathways altered upon HRASG12V induction, the 260 annotated metabolites in the two sample groups were carried forward for multivariate statistical analysis using the MetaboAnalyst 5.0 platform. The PLS-DA analysis for WT and PNC samples clearly separated the two groups with principal components 1 and 2 explaining 9.2 and 12.8% of the variation, respectively (Figure 4A). A pathway enrichment analysis identified six metabolic pathways, including pyrimidine, purine and amino acid metabolism to be significantly (p-value < 0.05) altered across the sample groups (Figure 4B). Given the higher number of metabolites identified within the pathways for pyrimidine (6/41), arginine and proline (6/38) and purine (14/66) metabolism (Figure 4B, table), we focused on analyzing the possible role of these metabolic networks in preneoplastic cell development.
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FIGURE 4. Metabolic pathways significantly altered upon HRASG12V induction in PNCs. (A) Partial Least Squares—Discriminant Analysis (PLS-DA) score plot shows separation of the preneoplastic cell (PNC) and control (WT) groups. The first and second components explain 9.2 and 12.8% of the variation, respectively. Different colors and shapes correspond to PNC, red circle and WT, blue square. (B) Scatter plot of Danio rerio KEGG metabolic pathways significantly altered upon HRASG12V induction. The p-values from the pathway enrichment analysis are shown in darker color indicating more significant changes within a pathway, while the pathway impact values from the pathway topology analysis are depicted by the size of the node. Significantly (p < 0.05) impacted pathways are numbered and tabulated: 1, Taurine and hypotaurine metabolism; 2, Glutathione metabolism; 3, Pyrimidine metabolism; 4, Valine, leucine and isoleucine degradation; 5, Arginine and proline metabolism; 6, Purine metabolism. The match values indicate the number of metabolites identified within the KEGG pathway.




Altered Pyrimidine Metabolism Detected Upon PNC Development

Nine metabolites involved in pyrimidine metabolism were annotated in our dataset (Figure 5A). Significant increase in the levels of 5-methylcytidine (p = 0.0081), uridine (p = 0.0285), and its isomer pseudouridine (p = 0.0019) were observed, suggesting a potential role for these metabolites in the development of preneoplastic lesions. Uridine is a key substrate for generating uridine monophosphate (UMP, not annotated in our dataset) by uridine-cytidine kinase in the salvage pathway (Supplementary Figure 2; Connolly and Duley, 1999). UMP is the key entry molecule for generating the full spectrum of pyrimidine nucleotides and nucleic acids (Supplementary Figure 2; Connolly and Duley, 1999; Kanehisa and Goto, 2000). Although UMP is not annotated in our dataset, we detected uridine diphosphate (UDP, p = 0.0826) and uridine triphosphate (UTP, = 0.8281), both of which were present at similar levels in the PNC and WT groups (Figure 5A and Supplementary Figure 2). This suggests the ability of PNC to maintain a pyrimidine nucleotide pool under high proliferative demand through a salvage pathway.
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FIGURE 5. Metabolites significantly altered upon HRASG12V induction in PNCs. Box and whisker plots generated using MetaboAnalyst 5.0 online platform for individual metabolites in pyrimidine (A) and purine (B) metabolism identified in our dataset are presented with the statistically significant (p < 0.05) altered metabolites presented in blue and the non-significantly altered metabolites presented in gray. The boxplots represent median ± interquartile range of log transformed and auto-scaled intensities for preneoplastic cell (PNC) and control (WT) groups (N = 10).


The conversion of uridine to 3-ureidopropionate is an important step for pyrimidine degradation (Kanehisa and Goto, 2000). Our data shows similar levels of 3-ureidopropionate (p = 0.9906) in PNC and WT groups (Figure 5A and Supplementary Figure 2), suggesting similar levels of pyrimidine degradation. Additionally, cytidine (p = 0.1783), 5-methycytosine (p = 0.3454), and thymidine monophosphate (TMP, p = 0.6575) were also annotated in the dataset, and no significant changes in their relative abundance was observed between the sample groups (Figure 5A and Supplementary Figure 2).



Altered Purine Metabolism Detected Upon PNC Development

Unlike the detectable higher abundance for some pyrimidine metabolites, a reduced relative abundance of guanine (p = 0.0241) and adenosine triphosphate (ATP, p = 0.0018) was detected in the PNC samples compared to the control group (Figure 5B). Fourteen additional purine metabolites were annotated in the dataset with no significant (p > 0.05) differences in their relative abundance between the sample groups, although a slight trend of increase could be visualized for three metabolites (ribose-5-phosphate, adenosine monophosphate and inosine) in the PNC samples (Figure 5B and Supplementary Figure 2).

In addition to ATP, the energy charge metabolites adenosine monophosphate (AMP, p = 0.2669) and adenosine diphosphate (ADP, p = 0.6585) were also annotated in our dataset. Since reduced ATP to ADP ratio has been reported to favor enhanced glycolysis in proliferating cells (Maldonado and Lemasters, 2014), we determined this ratio in our study. We calculated the ATP to ADP ratio using the raw peak intensity values, and indeed found a trend of reduced ATP/ADP ratio (p = 0.084) in the PNC group compared to WT group (Supplementary Figure 1C), which likely correlates with enhanced proliferation in preneoplastic lesions.



Changes in Amino Acid Metabolism Upon PNC Development

In arginine and proline metabolism, significantly lower relative abundance of hydroxyproline (p = 0.0165) and proline (p = 0.0221) was observed in PNC samples (Figure 6A). In addition, four other metabolites were detected in our dataset, of which arginine (p = 0.1932) and guanidinobutanoate (p = 0.2886) show a trend of lower abundance (Figure 6A), while creatine and phosphocreatine showed no differences in their relative abundance, compared to the WT group. Given these differences and because other amino acid metabolic pathways were among the pathways identified to be significantly altered (Figure 4B), we analyzed the relative abundance of all amino acids in our dataset. Of the 20 amino acids, 15 were detected in our untargeted analysis (Supplementary Data File 2). Ten of those amino acids were relatively lower in PNC group (Figure 6B). Using PLS-DA analysis and a variable importance in projection (VIP) cut-off score of 1, six amino acids were identified to be changed of which alanine (p = 0.0147), hydroxyproline (0.0165), proline (0.0221), and glutamic acid (0.0442) were significantly lower in the PNC group (Figures 6A,C). Additionally, leucine was found to have a trend of lower abundance (p = 0.0584) and aspartic acid higher (0.0820) in the PNC group (Figure 6C), suggesting alterations in amino acid biosynthetic pathways upon HRASG12V induced preneoplastic development.
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FIGURE 6. Amino acids significantly altered upon HRASG12V induction in PNCs. (A) Box and whisker plots generated using MetaboAnalyst 5.0 online platform for arginine and proline metabolism, identified using pathway enrichment analysis. (B) Variable importance in projection (VIP) plot generated using MetaboAnalyst 5.0 online platform for the 15 amino acids identified in our dataset. The relative abundance of each amino acid in the preneoplastic cell (PNC) and control (WT) groups are presented as colored boxes ranging from blue (low) to red (high). The average for N = 10 is presented. (C) Box and whisker plots for the four amino acids with a VIP cut-off score of 1, except hydroxyproline and proline presented in (A). The altered metabolites with statistical significance (p < 0.05) are presented in blue and the non-significant metabolites in gray. The boxplots represent median ± interquartile range of log transformed and auto-scaled intensities for preneoplastic cell (PNC) and control (WT) groups (N = 10).




Changes in Expression of Genes Corresponding to Metabolic Enzymes Detected in PNC Development

Many rate-limiting metabolic enzymes are known to be deregulated in cancer (Furuta et al., 2010). The changes detected in our untargeted metabolomics analysis would suggest altered activities of some of these metabolic enzymes. However, it is not clear whether these metabolic enzyme changes occur at the level of gene expression upon oncogene induction. Therefore, we determined the expression level of a handful of candidate genes implicated in cancer and found several of these to be upregulated in PNCs compared to control cells (Figure 7). Relevant to nucleotide metabolism pathways, are the genes rrm2, itpa and pnp5b, all of which were significantly overexpressed in the PNCs (Figures 7A–C). Rrm2 encodes the ribonucleoside-diphosphate reductase subunit M2, which catalyzes the rate-limiting biosynthesis of deoxyribonucleotides from the corresponding ribonucleotides to support DNA synthesis and cell proliferation (Kittler et al., 2004; Furuta et al., 2010). Enhanced expression of rrm2 in PNCs would support their enhanced proliferation. Inosine triphosphatase (itpa) is involved in recycling purines by converting (deoxy)inosine triphosphate [(d)ITP] to (d)IMP or xanthosine 5′-triphosphate (XTP) to XMP, which could then be recycled to contribute to DNA and RNA synthesis (Simone et al., 2013). Increased itpa expression in PNCs would support altered nucleotide metabolism, which we observed in our metabolomics data, although we did not detect changes in substrates or products of itpa, suggesting altered flux through the associated pathways rather than the accumulation of metabolites directly linked to the enzyme. Pnp5b encodes zebrafish purine nucleoside phosphorylase 5b, that is homologous to mammalian purine nucleoside phosphorylase, which catalyzes the reversible phosphorylation of purine nucleosides (Williams et al., 1984). Upregulation of pnp5b could contribute to altered levels of purine metabolites, such as guanine, hypoxanthine, guanosine and inosine, detected in our metabolomics analysis. Interestingly, we also observed increased expression of sat1a.2 (Figure 7D), which encodes spermidine/spermine N(1)-acetyltransferase, a rate –limiting enzyme that catalyzes the N1-acetylation of spermindine and spermine (Allmeroth et al., 2021), suggesting that altered polyamine removal might occur in PNCs. However, these metabolites were not annotated in the metabolomics dataset.
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FIGURE 7. Upregulation of genes encoding metabolic enzymes at 24 h post HRASG12V induction in PNCs. Relative mRNA expression normalized to β-actin showing (A) rrm2 (p = 0.0057), (B) itpa (p = 0.0303), (C) pnp5b (p = 0.0307), and (D) sat1a.2 (p = 0.0002) expression was increased in PNCs. PNC N = 11, Control N = 4, Welsh’s t-test.




DISCUSSION

A better understanding of the cellular and molecular changes during the earliest stages of preneoplastic development would help to elucidate the mechanisms mediating the transition from normal healthy somatic cell to abnormal tumor development, which is still an outstanding question in cancer biology (Martincorena and Campbell, 2015; Martincorena et al., 2017; Balmain, 2020).

Here, we took advantage of a tissue specific inducible gene expression system in zebrafish larval skin to gain precise temporal control of oncogenic driver gene induction (Ramezani et al., 2015; van den Berg et al., 2019). We used zebrafish larvae within 5 days post fertilization, before free feeding, when individual larvae are highly homogenous and only use yolk as their energy source for metabolism (Quinlivan and Farber, 2017). This allowed semi-quantitative analysis of their metabolome and comparison of the relative metabolite abundance between larvae with PNCs vs. their control siblings. The expression of human HRASG12V led to initiation of PNC development in the basal epithelium of zebrafish larval skin and significantly enhanced proliferation that was detected in PNCs at 24 h post HRASG12V induction. Our approach of applying untargeted metabolomics to this oncogenic HRAS mediated preneoplastic model, for the first time provides a detailed analysis of metabolic alterations at the earliest time point during oncogene induced PNC development in vivo. We identified six pathways to be significantly altered in the preneoplastic lesions at 24 h post HRASG12V induction, suggesting that these might play a significant role during PNC development.

Increased nucleotide metabolism, encompassing purine and pyrimidine metabolism, supports uncontrolled growth of metabolically active cells, or tumors (Di Virgilio, 2012; Wang et al., 2017; Mollick and Laín, 2020; Siddiqui and Ceppi, 2020). Significant changes in both purine and pyrimidine metabolic pathways during PNC initiation were highlighted in our study which correlate with the metabolic requirements of rapidly proliferating PNCs (Figure 5 and Supplementary Figure 2; Villa et al., 2019; Mollick and Laín, 2020). In order to gain further understanding of key genes and pathways that mediate the metabolic changes that we detected, our future work will explore single cell transcriptomic analysis of PNCs and cells in their environment. As a first glimpse into the transcriptome and to complement our metabolic studies, we have examined a handful of candidates and detected altered expression of genes (rrm2, itpa, and pnp5b) encoding metabolic enzymes involved in purine and pyrimidine metabolism. Among these genes, rrm2 is critical in maintaining cell proliferation and has been identified as a target for cancer therapy (Kittler et al., 2004; Furuta et al., 2010). We also observed upregulation of sat1a.2, involved in polyamine metabolism, which can be modulated by oncogenic pathways and its deregulation is associated with some cancers (Casero et al., 2018). Increased SAT1 activity is reported to increase susceptibility to skin carcinogenesis in a transgenic mouse model (Wang et al., 2007), and more recently the upregulation of SAT1 was reported to drive tumor aggressiveness and radiation response (Brett-Morris et al., 2014; Thakur et al., 2019). The upregulation of sat1a.2 in PNCs could be a result of activated RAS signaling, which has been shown to enhance polyamine transport in cancer cells and modulate polyamine metabolism (Basu Roy et al., 2008). Further experiments are required to firmly establish whether HRASG12V mediated signaling directly regulates the expression of these metabolic genes.

Interestingly, in the preneoplastic lesions we detected increased levels of 5-methylcytidine, which is an important epitranscriptomic marker that is mostly found in tRNA and rRNA but also less frequently in mRNA (Squires et al., 2012; Trixl and Lusser, 2019). Elevated levels of methylated purines detected in urine of cancer patients was due to accelerated tRNA turn over in tumor tissue (Mandel et al., 1966; Borek et al., 1977). This could be one explanation as to why we detected increased 5-methylcytidine, suggesting higher turnover rate of tRNA in PNC tissue. In addition, modified nucleosides cannot be recycled by scavenger enzymes, therefore elevated 5-methylcytidine might indicate altered post-transcriptional modification of RNA, which plays a regulatory role in protein translation (Peer et al., 2019). The NOP2/Sun RNA methyltransferase family member 2 (NSUN2) catalyzes formation of 5-methylcytidine (m5C) in RNAs (Brzezicha et al., 2006; Blanco et al., 2011). Although the functional role of RNA cytosine-5 methylation is not fully understood in cancer development, expression of NSUN2 is elevated in tumors of multiple tissue origin suggesting a fundamental link to tumor progression (Frye and Watt, 2006; Okamoto et al., 2012; Yi et al., 2017). Similarly, cytosine DNA methyltransferase Dnmt2 is frequently found to be mis-regulated or mutated in tumors (Elhardt et al., 2015; Wang et al., 2020). RNA cytosine-5 methylation has also been shown to be important for normal development and cellular stress responses, in addition to cancer (Blanco et al., 2011; Metodiev et al., 2014; Popis et al., 2016; Gkatza et al., 2019; Xiang et al., 2020). Our data suggests that alterations in post-transcriptional modification of RNA might be an early event during oncogene induced preneoplastic development. This warrants further study to confirm these changes and to address their functional role during PNC development.

Changes in amino acid metabolism have a broad impact on cellular function and physiology (Brosnan, 2001; Wu, 2009; Kelly and Pearce, 2020). Many of such changes have been described in cancer (Phillips et al., 2013; Tardito et al., 2015; Choi and Coloff, 2019; Sivanand and Vander Heiden, 2020; Vettore et al., 2020). We detected significant changes in amino acid metabolism within 24 h of oncogenic RAS expression, highlighting the sensitivity of amino acid metabolism in response to cellular perturbation. However, further studies are needed to elucidate the mechanisms that might mediate these changes and the functional consequence of such metabolic alterations. It is worth noting that polyamine metabolism was found to be perturbed in human oral cavity squamous cell carcinoma (Hsu et al., 2019). Although we detected changes in gene expression of sat1a.2, a key enzyme in polyamine metabolism, our metabolomics data did not annotate relevant metabolites. In the same study, phenylalanine and threonine were found to be up-regulated in tumor tissue compared to adjacent normal tissues (Hsu et al., 2019) and these amino acids although not significant, also showed a trend of increased abundance in our PNC samples. This suggests that similar metabolic changes could persist during the process of cancer development, although cancer cells would need to alter their metabolism to adapt to changes in their environment during the process of cancer development. There is still more work to be done in improving technical aspects of our procedure and data annotation, which is one of the major bottlenecks in untargeted metabolomics.

In conclusion, we have established a novel workflow for metabolite extraction and untargeted metabolomics analysis to identify and semi-quantify alterations of metabolites in preneoplastic lesions in zebrafish larval skin. The untargeted metabolomics analysis allows an unbiased identification of changes in metabolic pathways. Our proof of principle analysis using the oncogenic human HRASG12V induced PNC model has identified altered pathways that warrant further study. Our model and protocol can be expanded to analyze metabolic changes in PNCs that are triggered by different oncogenes, since different downstream signaling pathways from different oncogenes will likely trigger different metabolic changes. This metabolomic analysis could also be further combined with transcriptomic and/or proteomic analyses of PNCs to identify mechanisms involved in the crosstalk between oncogene modulated signaling and changes in metabolism.
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Supplementary Figure 1 | Overview of the metabolomics dataset using annotated and unannotated metabolic features. (A) Partial Least Squares—Discriminant Analysis (PLS-DA) score plot shows separation of the preneoplastic cell (PNC), control (WT) and pooled quality control (QC) groups. The first and second components explain 5.4 and 5.8% of the variation, respectively. Different colors and shapes correspond to PNC, red circle; WT, blue square; QC, orange triangle. The pooled quality control sample was generated by mixing equal volumes of each sample, to obtain a representative sample for the experiment. QC data was acquired by injecting one sample after every five experiment samples. (B) The eumelanin precursor 5,6-dihydroxyindole-2-carboxylic acid was identified using accurate mass (m/z 193.03751) in the PNC and WT groups. Ion abundance obtained from the instrument is presented with error bars corresponding to standard deviation (N = 10). (C) The ratio of ATP to ADP in the preneoplastic cell (PNC) and control (WT) groups is presented with error bars corresponding to standard deviation (N = 10). ADP, adenosine diphosphate; ATP, adenosine triphosphate.

Supplementary Figure 2 | Pyrimidine and purine metabolic pathways and the crosstalk between the pathway intermediates is presented. The metabolic intermediates identified in our dataset as shown as box and whisker plots with statistically significant metabolites presented in blue and non-significant metabolites in gray. The boxplots represent median ± interquartile range of log transformed and auto-scaled intensities for preneoplastic cell (PNC) and control (WT) groups (N = 10). ADP, adenosine diphosphate; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; AMP, adenosine monophosphate; ATP, adenosine triphosphate; CDP, cytosine diphosphate; CTP, cytosine triphosphate; dATP, deoxyadenosine triphosphate; dCDP, deoxycytosine diphosphate; dCMP, deoxycytosine monophosphate; dUMP, deoxyuridine monophosphate; GDP, guanosine diphosphate; GMP, guanosine monophosphate; GTP, guanosine triphosphate; IMP, inosine monophosphate; PRPP, phosphoribosyl pyrophosphate; S-AMP, succinyl-AMP; TMP, thymidine monophosphate; UDP, uridine diphosphate; UMP, uridine monophosphate; UTP, uridine triphosphate; XMP, xanthine monophosphate.

Supplementary Figure 3 | Representative image of metabolites extracted into solution.

Supplementary Figure 4 | Representative images showing cell morphology changes of PNCs that generated the quantification for Figure 2D. (A,B) Images showing eGFPCAAX expressing cells at 24 and 36 hpi. (C,C’) Images showing PNCs at 12 hpi. (D,D’) Images showing PNCs at 24 hpi. (D,D’) Images showing PNCs at 36 hpi. Cell shape is determined by membrane eGFP signal, magenta showing EdU labeled nuclei that indicate active proliferation. Dotted white lines mark edge of fish body; scale bar = 20 μm.

Supplementary Data File 1 | EdU incorporation data containing the number of eGFPHRASG12V positive cells (PNCs), eGFPCAAX positive wild type skin cells, and the number of EdU positive cells among these in the images obtained from each larvae, together with the number of PNCs with an elongated morphology or filopodia.

Supplementary Data File 2 | Raw output file containing the annotated metabolites and their peak intensities in each sample. The ion species identified, accurate mass and CCS value in the database are also provided.
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Spinal Muscular Atrophy (SMA) is a progressive neurodegenerative disease affecting lower motor neurons that is caused by a deficiency in ubiquitously expressed Survival Motor Neuron (SMN) protein. Two mutually exclusive hypotheses have been discussed to explain increased motor neuron vulnerability in SMA. Reduced SMN levels have been proposed to lead to defective snRNP assembly and aberrant splicing of transcripts that are essential for motor neuron maintenance. An alternative hypothesis proposes a motor neuron-specific function for SMN in axonal transport of mRNAs and/or RNPs. To address these possibilities, we used a novel in vivo approach with fluorescence correlation spectroscopy (FCS) in transgenic zebrafish embryos to assess the subcellular dynamics of Smn in motor neuron cell bodies and axons. Using fluorescently tagged Smn we show that it exists as two freely diffusing components, a monomeric, and a complex-bound, likely oligomeric, component. This oligomer hypothesis was supported by the disappearance of the complex-bound form for a truncated Smn variant that is deficient in oligomerization and a change in its dynamics under endogenous Smn deficient conditions. Surprisingly, our FCS measurements did not provide any evidence for an active transport of Smn in axons. Instead, our in vivo observations are consistent with previous findings that SMN acts as a chaperone for the assembly of snRNP and mRNP complexes.

Keywords: fluorescence correlation spectroscopy, spinal muscular atrophy, survival motion neuron, zebrafish, motor axons, active transport, smn oligomerization


INTRODUCTION

Spinal Muscular Atrophy (SMA) is an autosomal recessive neurodegenerative disease characterized by the loss of alpha motor neurons in the anterior horn of the lower spinal cord. This loss leads to progressive wasting of proximal muscles, paralysis and eventually death. A majority of SMA patients (>95%) have a homozygous deletion of the causative gene, Survival Motor Neuron 1 (SMN1) (Lefebvre et al., 1995).

In humans, there are two copies of SMN on chromosome 5q13: The telomeric copy, SMN1 and a more centromeric inverted copy, SMN2. The latter produces only ∼10% of full-length transcripts (FL-SMN2) and 90% of alternatively spliced transcripts lacking exon 7 (SMN2Δ7). Exon 7 skipped transcripts encode an unstable, truncated protein that shows reduced self-oligomerization, and is rapidly degraded (Lorson et al., 1998; Pellizzoni et al., 1999). Hence, SMN2 cannot fully compensate for the homozygous loss of SMN1. The severity of SMA phenotypes is inversely correlated to SMN2 copy number (Feldkotter et al., 2002), thus this suggests that it is dependent on levels of functional SMN. However, it remains unclear why the reduction of ubiquitously expressed SMN primarily leads to the degeneration of motor neurons.

The first of two main hypotheses to explain this selective vulnerability of motor neurons (Burghes and Beattie, 2009) is based on SMN’s established role in the biogenesis of small nuclear ribonucleoproteins (snRNPs) (Pellizzoni et al., 2002). snRNPs are RNA-protein complexes, which are composed of snRNA, Sm proteins (B/B’, D1, D2, D3, E, F, and G) and specific proteins that are unique for each snRNP. In the first of multiple steps in this biogenesis, the SMN complex acts as a catalyst to assemble Sm proteins into a heptameric ring on the snRNA (Chari et al., 2008). It is proposed that reduced SMN levels affect proper snRNP assembly, leading to aberrant splicing of transcripts essential for motor neurons (Winkler et al., 2005; Chari et al., 2009; See et al., 2014). A second hypothesis suggests an additional role of SMN exclusively in motor neurons that is independent of snRNP assembly. Consistent with this, SMN protein was detected in dendrites (Bechade et al., 1999), neurites (Fan and Simard, 2002) and axons of cultured motor neurons (Pagliardini et al., 2000; Rossoll et al., 2002). A gradient of SMN localization from nuclei to axons was shown in spinal cords of postmortem fetuses (Giavazzi et al., 2006). In addition, imaging of cultured chick forebrain neurons revealed rapid and bidirectional movement of fluorescently tagged SMN granules along axons (Zhang et al., 2003). SMN was also found to be trafficking in a retro- and anterograde fashion in axons of primary mouse motor neurons (Fallini et al., 2010). SMN interacts with many proteins that have been implicated in axonal β-actin mRNA transport and regulation of actin dynamics (Rossoll et al., 2002; Glinka et al., 2010). Accordingly, a SMN-mRNA granule hypothesis has been proposed (Rossoll and Bassell, 2009), in which SMN interacts with RNA binding proteins to form RNP complexes responsible for the localization of β-actin mRNA and other transcripts to axons and growth cones.

Survival motor neuron has been found to be involved in other processes. It was shown to function as a molecular chaperone for the assembly of IMP1 protein with β-actin mRNA into messenger ribonucleoproteins (mRNPs) (Donlin-Asp et al., 2017). In addition, the RNA binding protein FUS, which is mutated in Amyotrophic lateral sclerosis (ALS), associates with the SMN complex via direct interaction with SMN, suggesting a common biochemical pathway between ALS and SMN (Yamazaki et al., 2012). SMN was also found to be involved in the regulation of local axonal translation via the miR-183/mTOR pathway (Kye et al., 2014). More recently, it has been shown that SMN associates with ribosomes and has a role in regulating the translation of a specific subset of mRNAs that are related to SMA (Lauria et al., 2020).

In this study, we investigated Smn dynamics by Fluorescence Correlation Spectroscopy (FCS) in cell culture and in vivo in zebrafish embryos. FCS is a technique with single-molecule sensitivity and is thus preferable over conventional life imaging of cultured neurons in vitro, used previously to suggest axonal transport of Smn. The use of this technique bridges the gap that cannot be addressed by biochemical analyses, that is, to observe movement of molecular particles in vivo. FCS has been used to show interactions and to confirm biochemical data obtained in vitro or in vivo (Mistri et al., 2015). Hence this provides us with a novel technique to address the question of Smn dynamics in vivo.

For this, Smn was fluorescently tagged with mCherry or eGFP and expressed under control of the mnx1/hb9 promoter in motor neurons of zebrafish. FCS measurements showed that mCherry-Smn and eGFP-Smn diffused in the cytoplasm of somata and axons as freely diffusing particles, and as slow-moving complex bound particles. The latter became faster in axons and was not detected in the cell body when a truncated, oligomerization deficient eGFP-SmnΔex6,7 was analyzed. This demonstrated that the slow-moving component represents the oligomeric form of Smn. Importantly, in contrast to earlier cell culture findings, no active transport of Smn in axons was detected by FCS measurements.



MATERIALS AND METHODS


Zebrafish Care and Maintenance

Zebrafish were bred and maintained in the fish facility of the Department of Biological Sciences, National University of Singapore (NUS) according to approved protocols (protocol no BR15-0119; R13-574; R17-1522) under the Institute of Animal Care and Use Committee (IACUC) guidelines. Adult fish were raised under a 14 h light/10 h dark cycle, with regular monitoring of water quality, temperature, pH and salinity. The transgenic line, hb9:mCherry-linker-Smn, expresses a mCherry-Smn fusion protein in motor neurons of zebrafish and was generated previously (Spiró et al., 2016).



Cloning of Plasmids


hb9:eGFP-Linker-Smn

To study Smn dynamics, hb9:eGFP-linker-Smn was derived from hb9:eGFP (Spiró et al., 2016) and hb9:mCherry-linker-Smn (Spiró et al., 2016), both containing I-SceI sites for efficient transgenesis. First, the stop codon was removed from eGFP by PCR amplification using a forward primer containing a BamHI site and Kozak sequence, and a reverse primer recognizing the 3′ end of eGFP, containing an EcoRI site but lacking the stop codon. The resultant eGFPΔTAA amplicon and hb9:eGFP plasmid were sequentially digested with BamHI and EcoRI, and gel purified. Next, eGFPΔTAA was ligated into the hb9 vector backbone to generate hb9:eGFPΔTAA. The linker-Smn fragment was obtained by digesting hb9:mCherry-linker-Smn with EcoRI. Concurrently, hb9:eGFPΔTAA was digested with EcoRI. Finally, the linker-Smn fragment was ligated into hb9:eGFPΔTAA to obtain hb9:eGFP-linker-Smn.



hb9:eGFP-Linker-SmnΔex6,7

To obtain hb9:eGFP-linker-SmnΔex6,7, which lacks smn exons 6 and 7, a reverse primer targeting the end of exon 5, and containing a stop codon and an EcoRI site was designed. The zebrafish cDNA sequence (ENSDARG00000014569.7) obtained from ensembl.org (zebrafish genome GRCv9) was used for designing the primer. The linker-SmnΔex6,7 fragment was amplified using the newly designed reverse primer and a forward primer containing EcoRI and a (SGGG)3 linker. The backbone hb9:eGFP-linker-Smn was digested with EcoRI and gel purified to separate the linker-Smn insert from the backbone hb9:eGFPΔTAA, which was then dephosphorylated and purified. The linker-SmnΔex67 amplicon was digested with EcoRI and inserted into hb9:eGFPΔTAA to obtain hb9:eGFP-linker-SmnΔex67.



Cell Culture and Transfection

SH-SY5Y neuroblastoma cells were obtained from ATCC (Manassas, VA, United States) and cultivated in DMEM (Dulbecco’s Modified Eagle Medium; HyClone, GE Healthcare Life Sciences, South Logan, UT, United States) supplemented with 10% FBS (fetal bovine serum; HyClone, GE Healthcare Life Sciences, South Logan, UT, United States) and 1% PS (penicillin and streptomycin, PAA, Austria), at 37°C in a 5% (v/v) CO2 humidified environment. Plasmids encoding mCherry, mCherry-Smn, and Smn were transfected into SH-SY5Y cells by electroporation using the NeonTM Transfection System from Life Technologies (Grand Island, NY, United States). SH-SY5Y cells, at ∼80–90% confluency, cultured in a 25 cm2 culture flask were washed twice with 1× PBS and trypsinized by incubation with 0.5 mL of 1× Trypsin solution for 1 min at 37°C. The cells were checked under a microscope for full dislodge and trypsinization process was stopped by re-suspending cells with 3.5 mL of culture medium. The cell suspension was transferred to a 15 mL Falcon tube and then pelleted by centrifugation at 1,000 rpm for 3 min. Next, the cell pellet was re-suspended with 10 μL of R buffer, mixed with the appropriate amount of plasmids (125–250 ng) and drawn into a 10 μL NeonTM transfection tip. Electroporation was carried out using conditions according to NeonTM Protocol (Pulse voltage = 1,200 V, Pulse width = 20 ms, Pulse number = 3) for the SH-SY5Y cell line in a transfection tube containing 3 mL of E buffer.

After transfection, cells were plated onto a 35 mm glass bottom dish (MatTek Corporation) and grown in culture medium (DMEM and 10% FBS) at 37°C in a 5% (v/v) CO2 humidified environment. Confocal Fluorescence Correlation Spectroscopy (FCS) measurements were conducted 48–60 h post-transfection in 1× colorless DMEM. Transfected SH-SY5Y cells were washed twice with 1× PBS and filled with 1× colorless DMEM before measurements.



Recombinant Protein Expression and Oligomerization Assays

GST-hSMN and MBP-zfSMN fusion proteins were expressed in Escherichia coli BL21(DE3) cells as described previously (Veepaschit et al., 2021). Both the fusion proteins also contained a His tag for purification on NiNTA column. In brief, cells were cultured in SB media at 37°C and induced with 1 mM IPTG (Isopropyl-β-D-thiogalactopyranoside) at an OD600 of 0.8. Bacteria cells were harvested by centrifugation after 18 h at 15°C and resuspended in buffer A [25 mM HEPES-NaOH (pH 7.0), 10 mM imidazole, 250 mM NaCl and 5 mM β-mercaptoethanol] containing protease inhibitors and lysed by sonication. Following ultracentrifugation at 185,000 g for 1 h at 4°C, the cleared lysate was incubated with pre-equilibrated NiNTA (Qiagen) for 2 h at 4°C. After extensive washing with buffer A, proteins were eluted with buffer B [25 mM HEPES-NaOH (pH 7.0), 350 mM imidazole, 250 mM NaCl and 5 mM β -mercaptoethanol]. The oligomerization of SMN proteins was investigated by size exclusion chromatography (SuperdexTM 200 Increase 10/300 GL, GE Healthcare) as described previously (Neuenkirchen et al., 2015).



Confocal Fluorescence Correlation Spectroscopy (FCS) Instrumentation

Confocal FCS experiments were performed using an Olympus FV1200 confocal laser scanning microscope (Olympus, Tokyo, Japan). The green laser beam from a 543 nm helium-neon laser (Melles Griot, Singapore) or blue laser beam from 488 nm Argon-ion multi-line laser (Melles Griot, Singapore) passed the confocal scanning unit, with an intrinsic 3× magnification reflected by a dichroic mirror (405/488/543/635BP, Omega, VT) and focused into the sample by a water immersion objective (60×, NA 1.2; Olympus, Tokyo, Japan). The laser power before the objective was measured to be 6.5 μW. The fluorescence signal from the sample was passed through the same objective, de-scanned and finally sent through a 120 μm pinhole in the image plane to block the out-of-focus light. The light was then detected by an avalanche photodiode detector (APD) (SPCM-AQR-14; Perkin Elmer, Canada) after passing through a band pass emission filter 600/50 (Omega, Brattleboro, VT, United States) or 513/17 (Semrock, Rochester, NY, United States). The temporal signal from the APD was processed offline by a software correlator (SymPhoTime 64, PicoQuant TimeHarp 260) to generate an autocorrelation function (ACF).



Data Acquisition and Fitting for SH-SY5Y Cells

On each cell, measurements were taken at three random spots in both nucleus and cytoplasm for 30–60 s. For each sample, measurements were taken in at least three cells. The ACFs were fitted using the SymPhoTime 64 software (PicoQuant) with a 3 Dimension 1-Particle (3D-1P) and triplet model (Equation 1a) for mCherry and a 3 Dimension 2-Particle (3D-2P) and triplet model (Equation 1b) for mCherry-Smn.
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G(τ) is the autocorrelation function (ACF) as a function of lag time (τ). N is the number of particles in the confocal observation volume; τtrip describes the characteristic relaxation time of photophysical processes, including triplet transitions, with Ftrip the fraction of particles undergoing these processes. Although there can be multiple photophysical processes, in general it is sufficient to describe them with one model. The average time of the ith species to pass through the observation volume is given by τDi and its mole fraction by Fi. Note that τtrip is typically much smaller than τDi, and the photophysical and diffusive processes can be easily separated. We will therefore not discuss the photophysics in the rest of the manuscript and concentrate only on diffusive processes. K is the structure factor of the confocal volume defined as the ratio of the axial (z0) and radial (w0) distances where the intensity drops to 1/e2 of the maximum value. Finally, G∞ is the convergence value for the autocorrelation function at long lag times, which is expected to be 1, and in our measurements deviates not more than 3% from 1.

The diffusion coefficient (D) was determined from the Equation 2 where the w0 was obtained from the calibration measurement with Atto 565 in solution assuming its diffusion coefficient to be similar to that of Atto 488 which is 400 μm2/s (Kapusta, 2010).
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Unless stated otherwise, we report all diffusion coefficient values as mean ± standard error of the mean (SEM) and statistical analyses were done using unpaired Student’s t-test.



Zebrafish Microinjection and Sample Mounting

For transient expression of fluorescent proteins, zebrafish embryos were injected at the one-cell stage with plasmids together with I-SceI meganuclease according to established protocols (Rembold et al., 2006). For knockdown of endogenous Smn, Morpholino (MO), CGACATCTTCTGCACCATTGGC, obtained from GeneTools, United States, was injected at a concentration of 3.125 mg/ml into one-cell stage embryos, as described previously (Winkler et al., 2005). For injection of mCherry-smn mRNA, pCS2-mCherry-linker-smn was linearized with NotI and in vitro transcription of the capped mRNA was carried out using the mMessage mMachine Sp6 kit (Ambion). The transcribed mRNA was cleaned up by precipitation with 1 volume 3 M sodium acetate (pH5.2) in 1 volume isopropanol at −80°C. The resulting mRNA was injected at 100 ng/μL together with the smn MO.

Microinjections were carried out with a Femtojet Mircoinjector (Eppendorf) using glass capillaries (Harvard Apparatus), which had been pulled into sharp tips using a needle puller (Narishige, Japan).

Zebrafish embryos at 2 days post fertilization (2 dpf) were dechorionated using 27G × ½” needles (Terumo) and anesthetized for 15–30 min in 0.05% w/v tricaine (ethyl m-aminobenzoate, Sigma) in 1× Danieau’s medium. Embryos were mounted onto No. 1.0 glass bottom petri dishes (MatTek Corporation) with 1.2% low melting agarose (Bio-Rad Laboratories). To obtain lateral views, embryos were orientated using a microloader tip (Eppendorf) to lie as close to the glass slide as possible. Once the agarose had solidified, measurements on the confocal microscope were carried out.



Data Acquisition and Fitting for Zebrafish Embryos

For each zebrafish embryo, three primary motor neurons expressing the fluorescent protein were randomly selected for measurements. In each motor neuron, measurements were taken for 30–60 s at two to three randomly chosen spots in the cytoplasm of the cell body and along the axon. For each sample, measurements were taken in at least three fish. The ACFs were fitted using the SymPhoTime 64 software (PicoQuant). The ACFs for mCherry were fitted starting from a lag time of 0.001 ms to a 3 Dimension 1-Particle (3D-1P) triplet model (Equation 1a). The triplet parameter does not only identify triplets but also any photophysical processes. For eGFP, eGFP-SmnΔex67, and mCherry-Smn analysis under knock-down conditions in the cell body, the ACFs were fitted starting from a lag time of 0.01 ms to a 3 Dimension 1-Particle (3D-1P) model (Equation 3a).
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For mCherry-Smn, eGFP-Smn, eGFP-SmnΔex67, and mCherry-Smn analysis under MO condition in axons, the ACFs were fitted starting from lag time of 0.01 ms to a 3 Dimension 2-Particle (3D-2P) model (Equation 3b).
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The parameters in Equation 3a and 3b have the same definition as for Equation 1 and 2. The complex structure of the zebrafish embryo could have affected the actual shape and size of the observation volume during measurements, and absolute diffusion coefficients might have shifted from values seen in solution. However, our data on diffusion coefficients of fluorescent proteins in zebrafish are very comparable to cell measurements (see Supplementary Tables 1, 2), indicating that any influence of zebrafish tissue on the FCS measurements was limited. F2 is the mole fraction of the second component. However, to determine this correctly one needs to know the absolute brightness of the particles measured, as the contribution of a particle to the ACF depends on the square of its brightness. As the second components in this study are unknown, F2 here only reports on changes in either fraction or brightness. Unless stated otherwise, we report all diffusion coefficient values as mean ± standard error of the mean (SEM). Statistical analyses were done using unpaired Student’s t-test.



Data Fitting for Blood Flow in Zebrafish

In each fish, measurements were taken for 60 s in the blood vessel near the heart region flowing into the yolk region. Autofluorescence of the blood were recorded in the intensity trace and translated into ACFs. The ACFs were fitted from a lagtime of 0.01 ms in software IgorPro 8.0 to a diffusion and flow model (Equation 4).
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The parameters in Equation 4 have the same definition as for Equation 1 and 2. τf is the lag time for the flow process.



Zebrafish Sample Fixation and Znp-1 Immunostaining

Larvae at 31 h post fertilization (hpf) were dechorionated using forceps or needles before fixation. 30–50 larvae per sample were transferred to a glass vial and medium was removed as much as possible, followed by the addition of 1 mL of 4% PFA/PBS. The samples were fixed for 4 h at room temperature (RT) on an orbital shaker (Grant Bio) or overnight at 4°C. The following day, the fixed samples were washed with 1× PBST for 5 min three times on a shaker at RT. For long-term storage at −20°C, they were washed in 100% methanol for 5 min on a shaker at RT and then replaced with fresh 100% methanol.

The PFA fixed embryos, which were kept in MeOH at −20°C, were rehydrated in 50% MeOH/H2O for 5 min, in Milli-Q water for 5 min and again in Milli-Q water for 1 h at RT on an orbital shaker (Grant Bio). They were blocked for 1 h in PBDT solution (1% DMSO, 1% BSA, 0.5% Triton × 100, 2.5% sheep serum, 1× PBS, 0.5% Tween-20). Samples were then incubated with a primary antibody directed against α-synaptotagmin2 (Znp1 monoclonal antibody, 1:100, ZIRC, United States) diluted in PBDT at 4°C overnight.

Next, the samples were washed in 0.1% TritonX in PBST at RT for 4 × 1 h each, before incubation with the secondary antibody, Biotin (1:1000; Vectastain ABC Elite-kit, Vector Labs, United States) overnight. Antibody detection for biotin-labeled samples was carried out prior to imaging in accordance with the Vectastain ABC Elite-kit protocol using DAB as substrate. For short-term storage, samples were kept in 1× PBST at 4°C.



Image Acquisition for Znp-1 Immunostained Larvae

Znp-1 immunostained larvae were washed in 1× PBST, followed by incubation in 70% glycerol (AppliChem) for at least 1 h or overnight before mounting. Individual samples were dissected to separate the head from the trunk. The trunk was mounted on a microscope slide (Continental Lab Products) using 100% glycerol. The images were taken using a compound microscope (Nikon Eclipse 90i) in the Epifluorescence mode with a 20× objective. The NIS element basic software (Nikon) was used for image acquisition and analysis.



RESULTS


mCherry-Smn Displays 2-Particle Diffusional Dynamics in SH-SY5Y Neuroblastoma Cells

In a first step, we aimed at gaining a preliminary understanding of cellular Smn dynamics by performing FCS measurements on cultivated SH-SY5Y neuroblastoma cells. For this purpose, we used transiently expressed mCherry as a control molecule for cytosolic diffusion and mCherry-Smn as probe. We had previously shown that hb9:mCherry-Smn rescues motor neuron defects in etvb5b knock-down embryos, showing that mCherry-Smn is functional (Spiró et al., 2016). SH-SY5Y neuroblastoma cells were chosen as they are commonly used as in vitro system for neuron related studies, as a simple cell control. As expected, mCherry (∼27 kDa) was homogenously expressed throughout nucleus and cytoplasm in SH-SY5Y cells (Figure 1A), consistent with earlier reports that the size limit of proteins that diffuse through the nuclear pore is 90–110 kDa (Wang and Brattain, 2007). In contrast, mCherry-Smn was much less abundant in the nucleus but expressed strongly in the cytoplasm (Figure 1A). The size of mCherry-Smn is ∼60 kDa and thus should freely diffuse into the nucleus. Instead, we observed distinct spots of concentrated mCherry-Smn in the nucleus (white arrow), consistent with endogenous expression of SMN, suggesting that these could be structures known as gems where SMN is highly enriched in and commonly observed to co-localize with the Cajal bodies (Liu and Dreyfuss, 1996). It was shown that SMN is transported into the nucleus as a complex together with the assembled snRNPs using importers such as snurportin and importin β (Narayanan et al., 2002). This transport process is likely to be regulated, thus resulting in a relatively weak accumulation of mCherry-Smn within the nucleus.
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FIGURE 1. Expression and dynamics of mCherry and mCherry-Smn in SH-SY5Y cell culture. (A) Expression of mCherry and mCherry-Smn in SH-SY5Y cells 2 days after transfection. Scale bar = 10 μm. (B) Representative autocorrelation function (ACF) and fitted ACFs of mCherry and mCherry-Smn in the cytoplasm. ACF for mCherry is fitted to 3D 1p1t while ACF for mCherry-Smn is fitted to 3D 2p1t diffusion model. (C) Mean diffusion coefficients, D1 (μm2/s) in cytoplasm and nucleus for mCherry, mCherry-Smn and mCherry-Smn: Smn (mCherry-Smn co-transfected with untagged Smn). (D) Mean diffusion coefficients, D2 (μm2/s) in cytoplasm and nucleus. Error bars represent the SD. (∗∗P < 0.01, ****P < 0.0001). (E) Brightness analysis of mCherry and mCherry-Smn in cytoplasm by plotting average intensity vs. number of particles. mCherry-Smn particles are brighter than mCherry. (F) Brightness analysis of mCherry-Smn vs. mCherry-Smn with untagged Smn in the cytoplasm. With presence of untagged Smn, brightness of mCherry-Smn goes down. The numbers above the graphs indicate the number of cells (number of points) the measurements were taken in.


Autocorrelation functions (ACFs) from confocal-FCS measurements were acquired and fitted to 3-dimensional (3D) diffusional models (Figure 1B). Figures 1C,D show average diffusion coefficients for mCherry, mCherry-Smn as well as mCherry-Smn in the presence of untagged Smn (mCherry-Smn + Smn), in the cytoplasm and nucleus. All diffusion coefficients are tabulated in Supplementary Table 1.

The ACFs of mCherry fitted well to a 3D 1-particle 1-triplet diffusion model (Figure 1B). Diffusion coefficients were similar at 30.8 ± 2.3 μm2/s in the cytoplasm and 33.4 ± 2.9 μm2/s in the nucleus (Figure 1C). In contrast, the ACFs for mCherry-Smn in both cytoplasm and nucleus fitted well only to 3D 2-particle 1-triplet diffusion models. The first component diffuses at 18.7 ± 3.6 μm2/s in the cytoplasm and at a similar rate of 19.2 ± 4.2 μm2/s in the nucleus. However, the second component diffuses at different rates in cytoplasm (0.91 ± 0.07 μm2/s) and nucleus (0.35 ± 0.05 μm2/s) (Figure 1D). From this point on, the first component will be referred to as ‘fast component’ (D_1) while the second component is the ‘slow component’ (D_2).

The diffusion coefficient of the fast component of mCherry-Smn was in the same order of magnitude as that of mCherry, albeit lower, likely because mCherry-Smn (∼60 kDa) is larger than mCherry (∼27 kDa) and because the two proteins likely have very different shapes. The slow component is slower than the fast component by two orders of magnitude.

To confirm whether the slow mCherry-Smn component could represent oligomers, we compared brightness of mCherry-Smn and mCherry particles, assuming that mCherry molecules are monomeric. Average intensities were plotted against the number of particles, N, a parameter obtained from the fitting results (Figure 1E). Hence, the slope of the curve reflects the brightness of particles. Molecular brightness is a measure of intensity per mobile particle and thus is normalized to the expression level. Therefore, while intensity may reflect expression levels of the particles, molecular brightness does not. A higher molecular brightness indicates a larger number of fluorescent molecules bound to the mobile particle.

The fitted curve for mCherry-Smn was much steeper than for mCherry, indicating that mCherry-Smn particles are brighter than mCherry molecules and thus suggesting that mCherry-Smn particles reflect oligomers. We then examined the dynamics of mCherry-Smn in the presence of an excess of untagged Smn by transfecting SH-SY5Y cells with equal amounts of 125 ng mCherry-Smn and 125 ng untagged Smn plasmids. The untagged Smn competes for binding to complexes or oligomers with mCherry-Smn. We assumed that if mCherry-Smn were replaced by untagged Smn in an oligomer or complex, the particle would decrease in brightness. Consistent with this, a downward shift in the fitted line was observed when untagged-Smn was present (Figure 1F). This supports the hypothesis of a competitive binding between mCherry-Smn and Smn and that mCherry-Smn oligomers are present in the slow particles.

To further support the oligomerization of mCherry-Smn, and to verify that zebrafish Smn can indeed function and interact with human SMN in SH-SY5Y cells, in vitro interaction assays between purified protein constructs were carried out. We showed that zebrafish Smn (His6-MBP-zfSMNwt) co-eluted with human SMN (GST-hSMN (252-284)) on size exclusion chromatography (Supplementary Figures 1C,C′). The human-zebrafish hybrid complex (Supplementary Figures 1C,C′) displays very similar oligomerization properties as the human-SMN only control (Supplementary Figures 1A,A′) and zebrafish-Smn only control (Supplementary Figures 1B,B′), which is in line with a recent report on SMN oligomerization (Veepaschit et al., 2021). We conclude that zebrafish Smn does interact and form oligomers with human SMN.



Smn Dynamics Is Similar in Cell Bodies and Axons of Zebrafish Motor Neurons

We next carried out FCS measurements of Smn tagged to mCherry or eGFP in zebrafish embryos in vivo at 2 dpf. The measurements were taken at 2 dpf as the motor axons are developed and the first wave of neuromuscular junctions has formed by this time point. Both fluorescent proteins (FPs) were used to verify that the dynamics of Smn was not affected by using different fluorophores. Transgenic hb9:mCherry and hb9:eGFP lines, which expressed FPs specifically in motor neurons, were used as controls. mCherry-Smn was stably expressed in the hb9:mCherry-Smn transgenic line, while eGFP-Smn was transiently expressed upon injecting the plasmid into one-cell stage embryos. Bright aggregates, above the level for the complexes in the previous section, were observed for mCherry 70% of the time, but not for eGFP, in motor neurons (Figure 2A), and these aggregates were avoided during FCS measurements. Similar to observations in cell culture, eGFP-Smn and mCherry-Smn were expressed more strongly in the cytoplasm than the nucleus, while both eGFP and mCherry were expressed homogeneously throughout both compartments (Figure 2A). We also observed regions with higher fluorescence intensity (asterisks) in the nucleus indicative of Cajal bodies where Smn is known to localize. Hence, the expression of the fluorescently tagged Smn in motor neurons is consistent with previous findings in cultured cells (Liu and Dreyfuss, 1996).
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FIGURE 2. Expression and diffusion coefficients of FPs and FP-tagged Smn in zebrafish motor neurons. (A) Expression of eGFP, eGFP-Smn, mCherry, and mCherry-Smn in cell body and axon of motor neurons at 2 dpf. Images of cell body and axon are taken from different motor neurons. Scale bar = 5 μm. Red arrow indicates representative position where FCS measurement was taken in axon. (B) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, mCherry, mCherry-Smn in cell body. (C) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, mCherry-Smn in cell body. (D) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, mCherry, mCherry-Smn in axons. (E) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, mCherry-Smn in axons. Error bars represent the SD. (n.s.P > 0.05, *P < 0.05). The numbers above the graph indicate the numbers of fish (number of points) the measurements were taken in.


Next, FCS measurements were carried out at randomly selected locations in cell bodies and along axons. As expected, mCherry-Smn and eGFP-Smn were detected in motor axons consistent with earlier reports on endogenous SMN in axons of cultured motor neurons (Pagliardini et al., 2000; Rossoll et al., 2002) and transgenic zebrafish expressing human SMN (Hao et al., 2015). In both compartments, ACFs obtained from mCherry and eGFP measurements fitted well to a 3D 1-particle diffusion model, while ACFs for mCherry-Smn and eGFP-Smn could only be fitted to a 2-particle 3D diffusion model. Thus, similar results were obtained in zebrafish motor neuronal cell bodies and axons in vivo when compared to observations in SH-SY5Y cells.

The diffusion coefficients D1 of the fast components of eGFP-Smn and mCherry-Smn were in the same order of magnitude as eGFP and mCherry, respectively (Figures 2B,D and Supplementary Table 2). Hence, these likely reflect freely diffusing mCherry-Smn and eGFP-Smn monomers. The second diffusion coefficient D2 (Figures 2C,E) is about 50–100 times lower than the first component. Similar to what was suggested for the observations in cell culture, these slow components likely represent Smn as oligomers or bound in a complex, possibly the SMN complex. It should be noted that there is a high heterogeneity within each pool of fast and slow components, as visible by large standard deviations, as reported in the Supplementary Tables, which reflects both the variability in the size of the protein aggregates and the heterogeneity of the intracellular environment.

Notably, we did not observe any dynamics of Smn that would be suggestive of active transport, neither in axons nor in the soma. On very few occasions (2 out of 38 measurements), we observed spikes in the intensity trace for mCherry-Smn, which are indicative of large particles passing through the confocal volume (Supplementary Figure 2B). However, similar spikes were also observed for mCherry (Supplementary Figure 2A). These intensity traces translated into ACFs that could not be fitted to 3D diffusion models (Supplementary Figures 2C,D, respectively). No such spikes were detected for eGFP or eGFP-Smn, suggesting that these spikes are caused by mCherry aggregates. Furthermore, the rate of movement of the particle was variable, and thus did not correspond to active transport. As a positive control, we used FCS to measure the flow of blood cells in zebrafish to demonstrate that FCS is able to differentiate between active transport and diffusion dynamics (Supplementary Figure 3). Measurements were taken in the region of blood flow into the yolk of the zebrafish and the experimental ACF fitted to a diffusion and flow model. As shown in Supplementary Figure 3A, two other models, the flow model and 3D 1-particle diffusion model did not fit well to the experimental ACF and hence were rejected. The velocity of the blood flow obtained (54.5 ± 6.1 μm/s) agrees with previous published data (Shi et al., 2009). Hence, FCS measurements allow us to observe the dynamics of Smn proteins and showed that mCherry-Smn diffuses in axons of motor neurons as monomeric and oligomeric form instead of being actively transported.



Dynamics of Smn in Motor Neurons Is Affected Under Knock-Down Conditions

As transgenic hb9:mCherry-Smn embryos also expressed Smn endogenously, Smn oligomers consisted of both endogenous and FP tagged Smn. Hence, we next studied Smn dynamics when endogenous Smn levels were knocked-down by Morpholino oligos (MOs). These MOs target the ATG region and efficiently block translation of endogenous smn mRNA as described previously (McWhorter et al., 2003; Winkler et al., 2005). Transgenic mCherry-Smn was not knocked down, as it contained five wobble bases in the smn ATG region. We hypothesized that by knocking down endogenous Smn, mCherry-Smn would replace their binding sites in the complexes, which would then affect the dynamics of the diffusional components.

To show that mCherry-Smn has not been knocked down and is still functional, a rescue experiment was carried out (Supplementary Figure 4). The Morphologies of seven caudal primary axons above the yolk extension region for both rows of motor neurons in the region were analyzed in each larva at 31 hpf. The mean percentage of normal, branched and truncated axons are plotted in Supplementary Figure 4F. smn morpholino knock-down in Wildtype (WT) zebrafish resulted in defective axons, which showed extensive branching and some truncation (Supplementary Figure 4B), compared to uninjected controls, or WT injected with control MO (Supplementary Figure 4A). The axonal defects were partially rescued when the smn morpholino were injected into transgenic hb9-mCherry-Smn embryos (Supplementary Figure 4C) and were almost fully recovered when mCherry-smn mRNA was injected into the embryo (Supplementary Figure 4D). Thus, mCherry-Smn is functional and not affected by the presence of the tagged fluorescent protein.

In the smn MO knockdown experiment, we observed that a deficiency in endogenous Smn affected the dynamics of Smn in cell bodies and axons differently. This is likely because Smn exists in different types of complexes in the cell body as compared to the axons.

In the cell body under Smn deficient conditions, ACFs obtained from measurements fitted to 3D 1-particle diffusion model with a diffusion coefficient similar to the slow component only (Figures 3A,B). We inferred that under Smn knockdown conditions, diffusible monomeric mCherry-Smn could have taken the place of endogenous Smn in the larger complexes or oligomers, as they are functional. This resulted in a depletion of monomeric mCherry-Smn such that they were no longer observable (Figure 3A) and only the slow component is being observed in the cell body (Figure 3B).
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FIGURE 3. Diffusion coefficient of mCherry-Smn in motor neurons under smn MO conditions. (A,B) Average diffusion coefficients, D1, D2 (μm2/s) of mCherry-Smn in motor neuron cell bodies under uninjected control and smn MO conditions. D1 was not observed for mCherry-Smn under smn MO conditions. (C,D) Average diffusion coefficients, D1, D2 (μm2/s) of mCherry-Smn in axons for uninjected control and smn MO conditions. Error bars represent the SD. (n.s.P > 0.05, ****P < 0.0001). The numbers above the graph indicate the number of fish (number of points) the measurements were taken in.


In axons, on the other hand, the dynamics of Smn under knock-down conditions was affected differently. The ACFs obtained could still be fitted to 3D 2-particle diffusion models (Figure 3C,D). However, there was an overall slow-down in diffusion of both the fast and slow components. The diffusion coefficient of the fast component, D1, was a third lower than that of uninjected controls, accompanied by an increase in its fraction, F1 (F1 = 1−F2) (Supplementary Table 3). The diffusion of the complexes (Figure 3D) may be slowed down due to the presence of the additional tagged fluorescent proteins if the complex involves a substantial number of Smn proteins. The components in Figure 3C could represent a separate set of smaller complexes previously not observable under a WT condition, however, more studies will be needed to investigate the compositions or nature of these complexes.

Overall, these findings suggest that the slow component in the diffusional models consists of oligomers of Smn.



Dynamics of Truncated Smn Differs From Full Length Smn

We next tried to differentiate further between the two components of Smn. Exon 7 is important for localization of SMN to axons while exon 6 is important for the dimerization of SMN (Lorson et al., 1998). The plasmid hb9:eGFP-SmnΔex6,7 was generated for expression of an eGFP-Smn that is truncated at the end of exon 5. We expected that the dynamics of truncated eGFP-Smn would be faster than that of full length Smn as oligomerization is affected.

We found that eGFP-SmnΔex6,7, in contrast to full-length eGFP-Smn, was strongly expressed in the nucleus and weakly in the cytoplasm of the cell body (Figure 4A, close-up image of cell body). Although exon 7 was reported to affect localization of Smn to axons (Zhang et al., 2003), we were still able to observe strong eGFP fluorescence in the axons (white arrow).
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FIGURE 4. Expression and dynamics of eGFP- Smn Δex6,7 in zebrafish motor neurons. (A) Expression of eGFP- SmnΔex6,7 in motor neuron cell body and axon at 2 dpf. It is expressed strongly in the nucleus and weakly in axon and cytoplasm of cell body. (B) Representative ACF and fitted ACF of eGFP, eGFP-Smn and eGFP-SmnΔex6,7. (C) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, eGFP-SmnΔex6,7 in cell body. (D) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, eGFP-SmnΔex6,7 in cell body. (E) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, eGFP- SmnΔex6,7 in axons. (F) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, eGFP-SmnΔex6,7 in axons. Error bars represent the SD. (n.s.P > 0.05, ∗P < 0.05, ∗∗∗P < 0.001). Measurements grouped under Case 1 were fitted to 3D 1-particle diffusion model, found in 6 out of 14 measurements, indicating a loss of the second component. Case 2 refers to measurements fitted to 3D 2-particle diffusion model, found in 8 out of 14 measurements. The numbers above the graph indicate the numbers of fish (number of points) the measurements were taken in.


More interestingly, FCS measurements showed that the slow component, which was consistently detected with full-length eGFP-Smn, was no longer present. In the cytoplasm of the cell body, ACFs fitted to a 3D 1-particle diffusion model with a diffusion coefficient similar to that of eGFP and the fast component of eGFP-Smn (Figures 4C,D). This indicated that eGFP-SmnΔex6,7 was not able to oligomerize or bind to complexes, and instead diffused freely in the soma. In axons, there were two outcomes for the fitting, a 3D 1-particle diffusion model fit (indicated as Case 1) and a 3D 2-particle diffusion model fit (Case 2). Supplementary Figure 5 shows the comparison between a 3D 1-particle and 2-particle model fitting of representative ACFs in Case 1 and Case 2 and their respective residuals. The sole component in the 1-particle model and the fast component in the 2-particle model are in the same order of magnitude as the fast component of eGFP-Smn and eGFP, suggesting the presence of freely diffusing eGFP-SmnΔex6,7 in axons (Figure 4E and Supplementary Table 4). The diffusion coefficient of case 1 is slightly lower than that of eGFP. It is possible that these measurements are actually similar to case 2 only that the slow component is so low in fraction that we cannot distinguish two components (Meseth et al., 1999). In cases of 2-particle fits, the slow component is much faster than the slow component of full-length eGFP-Smn (Figure 4E). There is a shift in the ACF to a shorter characteristic time for the second component of eGFP-SmnΔex6,7 (Figures 4B,F). The characteristic time in the ACF is inversely proportional to diffusion coefficient (see Equation 2), while diffusion coefficient is inversely proportional to molecular weight. Particles with lower molecular weight will diffuse faster and have a shorter characteristic time in ACF. Hence this suggests that the particle that is associated with truncated eGFP-SmnΔex6,7 is of lower molecular weight than the complex formed by full-length Smn.



DISCUSSION

It has been hypothesized that SMN has a motor neuron specific role in axonal transport and controls localization of mRNAs important for axon outgrowth, neuromuscular junction (NMJ) maturation and maintenance (Fallini et al., 2012). However, studies analyzing the subcellular distribution of SMN in motor neurons are scarce. By quantitative analysis of Smn behavior in zebrafish motor neurons using FCS, we intended to provide more insight into its axonal function.

Fluorescence correlation spectroscopy is a technique with single-molecule sensitivity and allows the in vivo study of protein dynamics in motor neurons of zebrafish embryos. There are some limitations of FCS such as the need for a fluorescent label for the detection of the mobile particle. To differentiate between monomers and dimers, they need to be different in size by at least a factor of four and to distinguish between two different species, their diffusion coefficient has to be at least 1.6 times different (Meseth et al., 1999). However, the strength of FCS lies in its ability to measure and differentiate between diffusion and transport and to identify different types of species with its distinct dynamics from the fitting models.

In this study, we found that fluorescent protein-tagged Smn (FP-Smn) exists as two distinct components in both the cytoplasm of the cell body and axons. These Smn components represent a fast diffusing particle and a slow diffusing particle. What gives rise to the presence of two types of particles with different dynamics, and are the particles transported in the axons?

mCherry and eGFP were controls and diffused freely in motor neurons with a single diffusion coefficient, which reflects their monomeric nature (Figure 5A). The diffusion coefficient of the fast component of FP-Smn is in the same order of magnitude, hence this is likely a freely diffusing, monomeric form of FP-Smn. This was surprising as SMN protein rapidly oligomerizes (Pellizzoni et al., 2002) and associates with Gemin2–8 and UNR-interacting Protein (UNRIP) to form a large, stable, multi-subunit complex known as the SMN complex (Cauchi, 2010). Accordingly, we speculated that the slow component comprises Smn in an oligomeric and complex form. FCS data obtained in SH-SY5Y cells supported this. mCherry-Smn particles were brighter than mCherry and competitive binding existed between mCherry-Smn and untagged Smn, indicating the presence of mCherry-Smn oligomers. Hence, in a transgenic background, endogenous Smn and transgenic FP-Smn co-exist in oligomers in the complex. The presence of a monomeric FP-Smn form, represented by the fast component, could be due to the overexpression strategy used, thus excess FP-Smn is not associated in a complex.


[image: image]

FIGURE 5. Summary of FCS observations. (A) Freely diffusing mCherry. (B) Two components of freely diffusing mCherry-Smn and mCherry-Smn with endogenous Smn in complexes that are distinct for cell body and axon (oligomers of mCherry-Smn and Smn are indicated by tetramers). (C) Truncated eGFP-Smn concentrates in nucleus, freely diffuses in cytoplasm. Complexes consist of only endogenous Smn. (D) Depletion of endogenous Smn led to a depletion of freely diffusing mCherry-Smn and mCherry-Smn replacing endogenous Smn in complexes. For details, see main text.


The observation of large standard deviations for the diffusion coefficient of FP-Smn was expected considering the heterogeneity of the particles. The exact stoichiometry of members in the SMN complex is unknown (Gupta et al., 2015). Sucrose gradient centrifugation showed that SMN complexes are heterogeneously dispersed macromolecular aggregates ranging in size from 20S to 80S (Paushkin et al., 2002). It is difficult to pinpoint the exact species that makes up the slow component as SMN associates with a wide range of proteins or protein complexes involved in translation, transcription or RNA metabolism (reviewed by Rossoll and Bassell, 2009), or with components of the SMN complex. Based on our FCS data, we speculate that the slowly diffusing components represent SMN complexes involved in snRNP assembly, as well as Smn, likely in an oligomeric form that is associated with various proteins (Figure 5B), which is in agreement with recent findings (Veepaschit et al., 2021). We speculate that two pools of FP-Smn exist in motor neurons, one that is monomeric and another that oligomerizes with endogenous Smn, bound to complexes.

Both the expression and dynamics of Smn were affected when exons 6 and 7 were deleted. The accumulation of eGFP-SmnΔex6,7 in nuclei is consistent with a previous report that also showed enrichment of eGFP-SMNΔex7 in the nuclei of chick forebrain neurons (Zhang et al., 2003). It was suggested that a sequence of five amino acids, QNQKE, in exon 7 contains a cytoplasmic localization signal that when deleted results in nuclear accumulation of Smn protein (Zhang et al., 2003). However, while that report showed that axons were completely devoid of eGFP-SMNΔex7, weak expression of eGFP-SmnΔex6,7 could be observed in the axons here. This raises the important question whether the dynamics of this axonal pool of eGFP-SmnΔex6,7 differs from that of full length Smn.

Interestingly, FCS measurements of eGFP-SmnΔex6,7 in cell bodies no longer detected the slow component that represented complexes formed by full length Smn. Instead, a single diffusing component, with diffusion coefficient in the same order of magnitude as eGFP, was observed. In axons, on the other hand, ∼50% of the measurements revealed a single fast diffusing component and the other ∼50% showed a fast component and a slow component. However, this slow component was much faster than that observed for full-length Smn. Exons 2b and 6 were previously reported to be required for dimerization and oligomerization of SMN (Lorson et al., 1998; Young et al., 2000). SMN lacking exon 7 also loses its ability to self-oligomerize (Lorson et al., 1998; Pellizzoni et al., 1999). Hence Smn, lacking exons 6 and 7, is defective in oligomerization and cannot be incorporated into the SMN complex. Together, this reinforces the speculation that the slow component is Smn in oligomeric form, bound to complexes. eGFP-SmnΔex6,7 is concentrated in the nucleus (Figure 5C). Particles present in cell body and axons are single diffusing particles, while complexes only consist of endogenous Smn without eGFP-SmnΔex6,7.

Next, knocking down endogenous Smn levels had different effects on the behavior of mCherry-Smn in cell body and axons. In the cell body, only a single slow diffusing particle was observed, while two types of particles were observed in axons, both of which were much slower than those under WT condition (Figure 5D). We speculate that as the endogenous pool of Smn is knocked-down, freely diffusing monomeric mCherry-Smn replaces their binding sites in the complexes, hence depleting the pool of freely diffusing monomeric mCherry-Smn such that they were no longer observable and only the slow component is being observed in the cell body.

As the effect on diffusion is different in cell body and the axons, our data suggest that mCherry-Smn exists in distinct types of complexes that are different in cell body and axons. As mCherry-Smn takes the place of endogenous Smn in some of the complexes, the diffusion of the complexes may be slowed down in the axons due to the presence of the additional FP-tag if the complex involves a substantial number of Smn proteins. Earlier reports showed that SMN granules in neurites of primary motor neurons (Zhang et al., 2006) and in differentiated human neuroblastoma cells (Todd et al., 2010) do not contain essential snRNP components such as Sm proteins. This suggests that the axonal pool of SMN that we detected by FCS could be involved in a role different from snRNP assembly and have different requirements for exons 6 and 7.

It is an ongoing controversial debate whether SMN has a motor neuron specific function, other than snRNP assembly, that is responsible for selective motor neuron vulnerability in SMA patients. Detection of axonal transport would have helped to settle this debate. However, an ACF that could be fitted to an active flow model, which is expected if active transport of Smn occurs, was not obtained. On rare occasions, spikes in the intensity trace, indicative of large particles passing through the confocal volume, were observed (Supplementary Figure 2). However, such occurrences were infrequent and the characteristic time of the dynamics was variable so that this could not be attributed to a real transport process. We conclude that the type of FP (mCherry or eGFP) overall does not influence the behavior of Smn in motor neurons, albeit for presence of rare mCherry aggregates. In addition, transiently expressed proteins and stably expressed proteins do not differ in their dynamics or expression. Smn, in both cell bodies and axons, exists as a freely, fast diffusing and a slow diffusing, complex-bound particle, and there is no indication of active transport in the axons.

We have consistently observed diffusional dynamics of mCherry-Smn at various locations and time points (48 hpf, see text; and 31 hpf, data not shown) along the axons and hence also hypothesized that these Smn particles have traveled to the axons from the cell body through a diffusion process. As a systematic study of the dynamics of mCherry-Smn at the specific entry point of the axons from the cell body has not be carried out, we cannot exclude that the first mCherry-Smn to appear in the axons could have been actively transported from the soma to the entry point into the axon. However, it should be noted that given a diffusion coefficient of 1 or 30 μm2/s, the root mean squared displacement of an Smn protein is ∼1.5 or ∼7.7 μm in a second. This would in principle allow complete diffusion throughout the axons in a short time.

In a previous report, antero- and retrograde movement of GFP tagged SMN was described for chick forebrain primary neurons in the form of granular particles (Zhang et al., 2003). SMN-granules, on its own or co-localized with Gemin2, or mRNA binding proteins, HuD and IMP1, were reported to move along axons in primary motor neurons, with a proportion of granules oscillating within a localized region (Fallini et al., 2010, 2011, 2014). We observed movement of granule-like particles by time-lapse confocal imaging not only of mCherry-Smn, but also mCherry itself, transiently expressed in motor axons of 2 dpf zebrafish (data not shown). Hence, such granule-like particles are unlikely to be specific to mCherry-Smn and may be attributed to an artifact created by the aggregation and movement of the fluorescent protein itself. FCS was able to measure GFP, presumably accumulated in vesicles, actively transported along tubular structures in plants in the form of ‘pulsed’ transport of bright batches (Kohler et al., 2000). So far, none of our FCS measurements, which have a much higher sensitivity than confocal imaging, provides any support for the hypothesis that Smn is transported in motor axons.

Remarkably, a recent report suggested that SMN acts as a molecular chaperone for the assembly of messenger ribonucleoprotein (mRNP) complexes in axons, analogous to its role in snRNP assembly (Donlin-Asp et al., 2017). Reduction in the association of IMP1 with β-actin mRNA in a SMA mouse model and fibroblasts derived from SMA patients was observed. Therefore, the authors suggested that SMN is important for the assembly of IMP1 protein with β-actin mRNA via a transient association. In our zebrafish assay, the slow diffusing component observed in our FCS studies, both in axons and the cell body could represent a wide range of protein complexes associated with Smn, and Smn transiently associated with mRNP complexes could possibly be one of the diffusional particles. Hence, our observations made by FCS in motor neurons in vivo are in agreement with the findings by Donlin-Asp et al. (2017).



CONCLUSION

Our in vivo FCS approach identified the existence of oligomers and suggested the presence of different complexes in axons and cell bodies but did not observe any axonal transport.
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Supplementary Figure 1 | In vitro oligomerization of zebrafish and human SMN. (A–C) Gel filtration traces of purified GST-hSMN(252-284) (A), purified His6-MBP-zfSMNwt (B), and a mixture of both (C). (A′–C′) Analyses by SDS-PAGE, visualized by Coomassie staining of the indicated fractions from the respective traces. The human-zebrafish hybrid complex (C,C′) displays very similar oligomerization properties as the human- (A,A′) and zebrafish-only controls (B,B′).

Supplementary Figure 2 | Intensity traces of mCherry and mCherry-Smn that showed spikes and their respective ACF. (A) Intensity trace of 10 s out of a 30 s FCS measurement of mCherry, showing a spike in the intensity. (B) 20 s out of a 120 s FCS measurement of mCherry-Smn, showing spikes in the intensity. (C) ACF of the mCherry intensity trace, which shows a step at the end that cannot be fitted to a 3D diffusion model. (D) ACF of the mCherry-Smn intensity trace that cannot be fitted to a 3D diffusion model.

Supplementary Figure 3 | FCS measurement of blood flow in zebrafish. (A) Representative ACF for blood flow in zebrafish fitted to three different fitting models, Diffusion and Flow Model, Flow Model and 3D 1-particle diffusion model. The experimental ACF fitted to a Diffusion and Flow model, the other two fitting models were rejected. (B) Velocity of the blood flow. Mean ± SD (SEM) = 54.5 ± 18.2 (6.1) μm/s. Error bars represent the SD. The numbers above the graph indicate the numbers of fish (number of points) the measurements were taken in.

Supplementary Figure 4 | mCherry-Smn can rescue axonal defects in smn morpholino knocked-down embryos. (A–D) Representative images of Znp-1 immunostained embryos at 31 hpf. Scale bar = 100 μm. (A) WT embryos injected with control MO. The axons are normal without any branching or truncation. (B) WT embryos injected with smn MO. Significant number of axons are branched or truncated. (C) hb9:mCherry-Smn transgenic line injected with smn MO. Axonal defects partially rescued by mCherry-Smn. (C′) Imaging of mCherry fluorescence present only in motor neurons. (D) WT embryos injected with smn MO and 100 ng/μL of mCherry-smn mRNA. (D′) Imaging of mCherry fluorescence ubiquitously present. (E) Western blot analysis, showing that endogenous Smn protein is present in uninjected control and reduced in smn MO knock-down samples. mCherry-Smn protein is present in sample injected with mCherry-smn mRNA. (F) Mean percentage of normal, branched and truncated axons across three biological replicates (comprising n number of fish analyzed in total with 14 axons analyzed in each fish). Error bars represent the SD of the three replicates. Statistical analyses were done using one-way ANOVA test.

Supplementary Figure 5 | Comparison of the fitting models in Case 1 and Case 2. (A,B) Representative ACFs for Case 1 and Case 2 fitted to both 3D 1-particle and 2-particle diffusion models. (C,D) Residuals for a 3D 1-particle diffusion model fit. (E,F) Residuals for a 3D 2-particle diffusion model fit. In Case 1, the fit quality shown by the residuals indicates that a 3D 1-particle fit was sufficient and a 2-particle fit did not improve the fitting quality considerably. Moreover, non-physical parameters were obtained for the 2-particle fit (negative fractions, non-consistent widely varying diffusion coefficients). In Case 2, a 2-particle diffusion model improved the fitting quality and thus was chosen.

Supplementary Table 1 | Mean diffusion coefficients, D1, D2 and fraction of second components of mCherry, mCherry-Smn, mCherry-Smn: untagged Smn in cytoplasm and nucleus of SH-SY5Y cells.

Supplementary Table 2 | Diffusion coefficients, D1, D2 and fraction of second components, F2 for FCS measurements in cell body and axon.

Supplementary Table 3 | Diffusion coefficients, D1, D2 and fraction of second components, F2 for FCS measurements of mCherry-Smn under smn MO conditions. Data for uninjected control is taken from mCherry-Smn in Supplementary Table 2.

Supplementary Table 4 | Diffusion coefficients of eGFP-SmnΔex6,7 compared to eGFP and eGFP-Smn in the cell body and axon. Data of eGFP and eGFP-Smn are taken from Supplementary Table 2. Measurements grouped under Case 1 were fitted to 3D 1-particle diffusion model, found in 6 out of 14 measurements, indicating a loss of the second component. Case 2 refers to measurements fitted to 3D 2-particle diffusion model, found in 8 out of 14 measurements.
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Germline loss or mutation of one copy of the transcription factor GATA2 in humans leads to a range of clinical phenotypes affecting hematopoietic, lymphatic and vascular systems. GATA2 heterozygous mice show only a limited repertoire of the features observed in humans. Zebrafish have two copies of the Gata2 gene as a result of an additional round of ancestral whole genome duplication. These genes, Gata2a and Gata2b, show distinct but overlapping expression patterns, and between them, highlight a significantly broader range of the phenotypes observed in GATA2 deficient syndromes, than each one alone. In this manuscript, we use mutants for Gata2a and Gata2b to interrogate the effects on hematopoiesis of these two ohnologs, alone and in combination, during development in order to further define the role of GATA2 in developmental hematopoiesis. We define unique roles for each ohnolog at different stages of developmental myelopoiesis and for the emergence of hematopoietic stem and progenitor cells. These effects are not additive in the haploinsufficient state suggesting a redundancy between these two genes in hematopoietic stem and progenitor cells. Rescue studies additionally support that Gata2b can compensate for the effects of Gata2a loss. Finally we show that adults with loss of combined heterozygosity show defects in the myeloid compartment consistent with GATA2 loss in humans. These results build on existing knowledge from other models of GATA2 deficiency and refine our understanding of the early developmental effects of GATA2. In addition, these studies shed light on the complexity and potential structure-function relationships as well as sub-functionalization of Gata2 genes in the zebrafish model.
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INTRODUCTION

GATA2 is a zinc finger transcription factor expressed widely across a number of tissues including vascular, lymphatic, urogenital, cardiovascular, neural, and hematopoietic systems. It is a master regulator of hematopoiesis with the majority of knockout mice succumbing to death from anemia before embryonic day E10.5 (Tsai et al., 1994). Its importance in human disease is also dominated by its promiscuous role in hematopoietic malignancies and immunodeficiencies. Inherited mutations in GATA2 cause a range of overlapping clinical syndromes; the monoMAC (monocytopenia with mycobacterium avium complex) syndrome, DCML (dendritic cell and myeloid leukemia), Emberger syndrome (lymphedema with predisposition to AML), Familial myelodysplastic syndrome (MDS), aplastic anemia and congenital neutropenia (Dickinson et al., 2011; Hahn et al., 2011; Hsu et al., 2011; Ostergaard et al., 2011; Pasquet et al., 2013). Mutations are found spanning the full length of the gene including missense, non-sense, indel, and regulatory region mutations, all resulting in functional haploinsufficiency. There are variable reports of genotype/phenotype correlations; lymphedema is reportedly more frequently associated with null mutations (Spinner et al., 2014), and missense mutations were more commonly associated with the progression to acute leukamia as reported in a review of French and Belgian cases (Donadieu et al., 2018). Somatic GATA2 mutations are also seen in hematopoietic malignancies with a strong association with acute myeloid leukemia (AML) with bi-allelic CEBPA mutations, or reduced expression of CEBPA such as in AML with t(8;21) (Greif et al., 2012; Christen et al., 2019). By contrast to inherited mutations, these somatic GATA2 mutations are clustered within the first zinc finger and phenotypically are enriched for erythro-leukemias (Ping et al., 2017). GATA2 also plays a role in other hematopoietic malignancies with the acquisition of neomorphic mutations in the second zinc finger of GATA2 resulting in poorer outcomes in patients with chronic myeloid leukemia (Zhang et al., 2008).

Germline mutations in GATA2 show phenotypes across all ages. However, are particularly enriched in children and teenagers presenting with myelodysplastic syndrome (MDS) and congenital neutropenia (Pasquet et al., 2013; Wlodarski et al., 2016). This highlights that critical early developmental requirements for GATA2 in hematopoietic specification and differentiation may predispose to the development of hematopoietic malignancies later in life.

The GATA family of transcription factors are conserved through evolution. Mammals have six GATA genes derived from two ancestral GATA genes identified in early deuterostome genomes as GATA123 and GATA456 orthologs (Gillis et al., 2009). The subsequent development of human GATA genes, GATA1-6, have evolved through two sequential rounds of whole genome duplication in vertebrates. Zebrafish have undergone a further round of genome duplication resulting in two ohnologs of the mammalian GATA2 gene termed gata2a and gata2b. Both genes are highly homologous to the human GATA2 gene, particularly in the zinc finger domains where they are 98% and 95% identical at the amino acid level, respectively (Supplementary Figures 1A,B). Furthermore, the chromosomal regions surrounding zebrafish gata2a and gata2b show synteny with regions of human Chromosome 3 where GATA2 is located (Supplementary Figure 1C). Interestingly, while Gata2a has closer homology at the amino acid level to human GATA2, Gata2b is more closely syntenic with the GATA2 surrounding regions in humans. Prior studies have shown sub-functionalization of these genes in zebrafish with expression of Gata2b found only in branchiomotor neurons and hematopoietic stem and progenitor cells (HSPC) during development. Gata2a has a broader expression pattern reflecting that observed in mammals (Butko et al., 2015). Nonetheless, single cell sequencing studies of adult HSPC using transgenic Tg(itga2b:eGFP) zebrafish show that in adult hematopoiesis, both Gata2a and Gata2b are expressed in HSPC in an “or” fashion (Macaulay et al., 2016). This implies that both, or either, are required for HSPC function and that they have capacity to regulate expression of one another.

We set out to model GATA2 deficient human diseases in zebrafish by knocking out both Gata2a and Gata2b. We hypothesized that heterozygous loss of both genes would be required to faithfully model the human disease. Furthermore, because of the sequence and expression variability between the two ohnologs, we hypothesized that dissecting the role of loss of these genes alone or in combination would infer a degree of structure-function relationship of the GATA2 gene relevant to disease phenotypes.

Here, we demonstrate that Gata2a is required for normal primitive myeloid development and Gata2b is dispensable for this, while Gata2b orchestrates definitive developmental myelopoiesis. We show that Gata2a and Gata2b both contribute to the development of HSPC from the dorsal aorta but are not additive or synergistic in this manner in the heterozygous state. Finally, rescue studies suggest that Gata2b is able to partially complement Gata2a by rescuing defective vasculature and circulation, defining a mechanism whereby the cross-regulation of these genes in specific tissues may compensate for genetic loss.



MATERIALS AND METHODS


Zebrafish Husbandry, Mutant, and Transgenic Strains

Wild-type, mutant and transgenic zebrafish (Danio rerio) stocks were maintained according to standard procedures in UK Home Office approved aquaria (Westerfield, 2007). Transgenic and mutant strains used in this study were gata2aum27 carrying a 10 bp deletion in Gata2a (a gift from Nathan Lawson)7, Tg(lyzC:nfsB-mCherry) (a gift from Stephen Renshaw), Tg(kdrl:GFP)la116, Tg(itga2b:GFP)la2Tg (Hsu et al., 2004; Lin et al., 2005; Choi et al., 2007; Zhu et al., 2011; Buchan et al., 2019).

Embryos were raised at 28.5°C in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) in Petri dishes. Pigment formation was avoided by supplementing E3 medium with phenylthiourea (PTU) (Sigma) 0.2 mM from 24 hpf or removed by bleaching post in situ hybridization by incubating in 5% v/v deionized formamide, 5% v/v H2O2, 0.5x SSC. For live experiments and prior to fixation, embryos were anesthetized with ethyl 3-aminobenzoate methanesulfonate (E10521, Sigma). Embryos and larvae were staged according to Kimmel et al. (1995), and larval ages are expressed in somite stage (ss), hours post-fertilization (hpf), and days post-fertilization (dpf). All procedures complied with UK Home Office guidelines.



Generation of Gata2bu5008 Mutant Line

We generated a zebrafish gata2b mutant line, gata2bu5008 using CRISPR/Cas9. Briefly a sgRNA targeting exon 3 in gata2b gene was designed using CHOPCHOP v21 (Labun et al., 2016) and guide synthesized according to (Gagnon et al., 2014) (see Table 1 for sequence). Cas9 mRNA was synthesized from the pT3TS-nCas9n plasmid, a gift from Wenbiao Chen (Addgene plasmid #46757) (Jao et al., 2013), using T3 mMESSAGE mMACHINE kit (AM1348, Ambion), following the manufacturer’s instructions. Cas9 mRNA and sgRNA were coinjected at the 1-cell stage at final concentrations of 380 and 65 ng/μL, respectively. gata2bu5008 was identified by MiSeq of F1 progeny as carrying a 4 bp deletion ENSDARG00000009094.7:g.2011_2014del resulting in a truncating mutation, p.P172PfsX12 (Supplementary Figures 1A,D).


TABLE 1. Primers and guide sequences.
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Whole Mount in situ Hybridization (WISH)

Whole mount in situ hybridization was performed as previously described (Thisse and Thisse, 2008). The c-myb WISH probe was generated by one-step PCR from 24 hpf mRNA using QIAGEN OneStep RT-PCR Kit using the primers in Table 1, and subsequently cloned into the pCRII TOPO vector. Other probes have been described elsewhere (Herbomel et al., 1999; Crowhurst et al., 2002; Kalev-Zylinska et al., 2002; Liu et al., 2007).



Sudan Black and o-Dianisidine Stainings

Granulocytes in zebrafish were stained using Sudan Black (SB) as previously described (Le Guyader et al., 2008). SB positive (SB+) cells were quantified by manual counting from the distal end of the yolk extension to the tail tip in the caudal hematopoietic tissue (CHT).

O-dianisidine staining was used to label hemoglobinised erythrocytes in zebrafish larvae as previously described (Iuchi and Yamamoto, 1983).



Analysis of Zebrafish by Flow Cytometry

Individual transgenic Tg(itga2b:GFP)la2Tg larvae were analyzed by flow cytometry at 3 dpf as described previously (Payne et al., 2012).



mRNA Rescue Experiments

Full length pCS2+:Gata2a was a gift from Barry Paw. The coding sequence of Gata2b was PCR amplified from embryo RNA using Superscript III Platinum one-step PCT kit (Invitrogen, Thermo Fisher Scientific), and TOPO cloned into pcDNA3.1V5-His. Forward orientation was confirmed by sequencing. mRNA was synthesized using Ambion mMessage mMachine (Ambion, Thermo Fisher Scientific) Sp6 or T7 ultra kit, respectively.



Imaging and Image Processing

Fixed embryos and larvae were imaged either in 1x PBST or 80% v/v glycerol. Brightfield and epifluorescence images were acquired using a Leica M205 FA fluorescent dissecting stereoscope equipped with a Leica DFC 365 FX camera and LAS 4.0 software. Images were processed using Fiji version v1.49u software (Schindelin et al., 2012). Quantification of c-myb expression in Figure 2G and of runx1 in Figures 3D, 4A were undertaken as described (Dobrzycki et al., 2018) with additional step of normalization to facilitate more accurate assessment between experiments. This was undertaken after background subtraction, by assigning the mean value of the WT for each independent experiment as 1 and normalizing all other values within the experiment to this. For image quantifications in Supplementary Figures 2D,H,L, images were pre-processed in Fiji and then segmented using ilastik version 1.3.3 (Berg et al., 2019). Pixel classification module was used for segmentation of images, and object classification module was used for selection of segmented objects. After quantification, relevant measurements for further statistical analysis were exported using a custom-written script in R, and background subtraction was carried out as previously described (Dobrzycki et al., 2018).



Genotyping of Gata2aum27 and Gata2bu5008 Mutant Fish

Gata2aum27 fish were genotyped by PCR and restriction enzyme (RE) digest using MspA1I, which is abolished by the 10 bp deletion, or Kompetitive allele specific PCR (KASP). Gata2bu5008 genotyping was also conducted using PCR and RE digest with FauI enzyme, which abolished by the deletion, or by KASP. Additional details can be located in Table 1.



In silico Alignment and Synteny

GATA2 (human and zebrafish) protein sequences were aligned using Geneious® software and similarities assessed using BLOSUM62 matrix. Synteny was assessed using the comparative genomics tools-region comparison on ENSEMBL for each GATA2 gene independently and subsequently for 10 genes upstream and downstream of each.



Assessment of Adult Whole Kidney Marrow by Flow Cytometry

For these experiments a clutch of Tg(itga2b:eGFP); Gata2aum27/+× Tg(lyzC:mCherry);Gata2bu5008/+ embryos were raised in a single tank and genotyped just prior to analysis to mitigate for any tank specific effects. Adult zebrafish kidneys were dissected from terminally anaesthetized animals, dissociated in PBS with 1% FBS using a gentleMACs tissue dissociator (Milteyni) and analyzed by flow cytometry. Flow analysis was conducted using FlowJoTM.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 8.1.2 for OS X software (GraphPad Software, San Diego, CA, United States). The probability level for statistical significance was p < 0.05 and all tests used were two-tailed. Data are presented as mean ± standard deviation. Data from each independent experiment was normalized to the mean of its wildtype group, and experiments were pooled for analysis. No normality assumptions were made, and data was analyzed by Kruskal-Wallis test with Dunn’s multiple comparisons post hoc test or two-way ANOVA with Sidak’s post hoc test. In Figure 2Q, homozygote gata2aum27/um27 embryos scored according to their circulation were tested for equal distribution with contingency Chi-squared test.



RESULTS


Gata2aum27 Mutants Show Defective Primitive Myeloid Development

To define the effects of Gata2a on early developmental hematopoiesis we carried out WISH for hematopoietic markers on gata2aum27 mutant embryos over time. The earliest hemato-vascular progenitors express Lmo2 which is required for expression of downstream erythroid and myeloid progenitors. We analyzed the expression of lmo2 in the anterior lateral plate mesoderm (ALPM) at 10ss (14 hpf) in Gata2aum27 mutants to assess hematopoietic progenitors with myeloid potential. Lmo2 expression in the ALPM was not affected by Gata2a loss indicating Gata2a is not required for anterior hemato-vascular cell specification (Supplementary Figures 2A–D). Some specification of committed early myeloid cells in the ALPM can occur independently of lmo2 therefore we assessed early myeloid cell specification using WISH for spi1b and cebpa. At 10ss there was no difference in the expression of spi1b and cebpa in Gata2aum27 mutants compared to WT (Supplementary Figures 2E–L, respectively). Similarly, by 18ss (18 hpf), the expression of spi1b and cebpa show that the primitive myeloid cells have migrated and dispersed over the yolk normally in gata2aum27 mutant embryos (Supplementary Figures 2M–O,Q–S, respectively). Quantifications show that gata2aum27 mutant embryos have normal numbers of both spi1b+ and cebpa+ cells over the yolk (Supplementary Figures 2P,T). We also assessed primitive erythroid development in the posterior mesoderm (PM) during early development. Neither lmo2 expression in the PM (Supplementary Figures 3A–C) nor the erythroid marker gata1a (Supplementary Figures 3D–F) were affected by loss of Gata2a.

We next assessed primitive myeloid development in gata2aum27 mutant embryos in both anterior and posterior mesoderm derived regions at 22 hpf. As observed at earlier stages, WISH for spi1b on 22 hpf gata2aum27 mutant embryos shows normal distribution of myeloid cells both over the yolk and in the trunk and tail (Figures 1A–G) Scheme for analysis in Figure 1W. We next used WISH to assess the expression of l-plastin, which in some studies has been shown to specifically mark monocyte/macrophages at this stage, but is also known to be expressed in all leucocytes (Herbomel et al., 1999; Crowhurst et al., 2002). l-plastin expressing cells arise in the ventral mesoderm of the embryo and migrate over the yolk and trunk (Figures 1H–J, quantified in Figures 1K–N). A subset of l-plastin expressing cells arise in the posterior blood island (PBI) around this time, the origin of which is not clearly delineated and thought to be distinct from that of anterior derived macrophages (Herbomel et al., 1999). Quantifications on stained embryos show that the total number of l-plastin+ cells in markedly reduced in gata2aum27/um27 mutant embryos is compared to that of their wildtype siblings, and significantly reduced compared to gata2aum27/+ (Figure 1K). Further quantifications show that this difference is present across the embryo but most marked in yolk and trunk. We also investigated early myeloid lineage cells using the marker cebpa. Cebpa is a master regulator of granulocytic differentiation, but also plays a role in the development of eosinophils, basophils and monocytes. Similarly, we observed loss of cebpa expressing cells in the PBI of Gata2a mutants (Figures 1O–Q, quantified in Figure 1R). At this time point neutrophils are not yet fully differentiated, however, these cells could represent granulocyte precursors. Another possible explanation for the reduction in cebpa is that they may are marking early erythro-myeloid precursors (EMP) which emerge around this time, however, we did not assess EMP specifically using other markers. In summary, loss of Gata2a does not impact specification of early hematopoietic progenitors but results in loss of both anterior and posterior cells of the myeloid lineage during primitive hematopoiesis.
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FIGURE 1. Primitive myeloid development in gata2a mutants at 22 hpf. (A–C) Expression of spi1b by in situ hybridization in 22 hpf embryos. (A–C) Lateral views of the head of the embryos (left) and lateral views of the tails (right), showing normal numbers of myeloid cells. (D–G) Quantifications of total (D) spi1b+ cells, and in the yolk (E), AGM (F), and the PBI (G). (H–J) Expression of l-plastin by in situ hybridization in 22 hpf embryos. (H–J) Lateral views of the head of the embryos (left) and lateral views of the tails (right) show decreased l-plastin+cells in gata2aum27/um27 homozygotes. (K–N) Quantifications of l-plastin+cells in the whole embryo (K), in the yolk (L), AGM (M), and the PBI (N). (O–Q) Lateral views showing cebpa expression in the tail (left) and PBI (right) in 22 hpf embryos. (R) Quantification of cebpa+ cells in the PBI of Gata2aum27 mutants. (S–U) Lateral views of 48 hpf mutant embryos stained with SB, which labels granulocytes. (V) Quantification of SB+ cells in the CHT of 48 hpf embryos shows decreased number of granulocytes in gata2aum27/um27 homozygotes. (W) Cartoon scheme of location of cells counted in these studies. Orange region = yolk, Green = AGM, blue = PBI. Camera lucida image modified from Kimmel et al. (1995).




Impaired Definitive Hematopoiesis in Gata2aum27 Mutants

We next assessed definitive hematopoiesis in Gata2a mutants. HSPC numbers were assessed in Gata2a mutants using WISH for c-myb and runx1. Expression of both runx1 and c-myb was reduced in Gata2a mutants (Figures 2A–F quantified in Figure 2G). This was statistically significant for gata2aum27/um27 only, but correlation suggested that this may be an allelic dose dependent effect (r = 0.88, p = 0.0002). We further quantified HSPC using epifluorescent imaging of gata2aum27 mutants crossed to Tg(itga2b:GFP) transgenic animals where static GFPlo cells mark HSPC (Lin et al., 2005; Bertrand et al., 2008; Ma et al., 2011; Svoboda et al., 2014). GFPlo cells appeared reduced in gata2aum27/+ embryos at 56 hpf, however, this did not reach statistical significance when compared to WT (Figure 2H), nonetheless, Pearson’s correlation again suggested a contributing effect across genotypes (Pearson r = −0.55, p = 0.0004). By contrast GFPlo cells are virtually absent in gata2aum27/um27. We hypothesized that the near absence of stem cells in Gata2aum27 homozygous animals is related to its loss of trunk circulation (from discontinuous aortae or abnormal communication between the cardinal vein and aorta as shown in Supplementary Figure 4), impeding blood flow to initiate endothelial to hematopoietic transition (EHT)(Zhu et al., 2011). Migration and expansion of HSPCs was then assessed using expression of c-myb (Figures 2I–L) and static Tg(itga2b:GFP)lo cells (Figures 2M–R) at 4 dpf in the caudal hematopoietic tissue (CHT, fetal liver equivalent). Again, we observed absent c-myb expressing HSPC in Gata2aum27 homozygous mutants (Figure 2K compared to Figures 2I,J). In this instance, there were no statistical differences between WT and heterozygous Gata2aum27 mutants (Figures 2M–O) suggesting that the initial production of HSPC was only delayed in gata2aum27/+ mutants or subsequently compensated for following migration to the CHT. During the analysis of Tg(itga2b:GFP) transgenic animals, we noted a proportion of Tg(itga2b:GFP); gata2aum27/um27 embryos had GFPlo cells in the CHT and circulating GFPhi thrombocytes (Figure 2R). We hypothesized that these escaping mutants were most likely a result of embryos where sufficient blood flow had developed in the aorta to permit EHT to occur in these animals. To definitively assess this, we directly correlated the presence and location of circulation and the presence of GFPlo HSPC in the CHT in individual embryos from gata2aum27/+ incrosses at 4 dpf (Figures 2P,Q and Table 2). This conclusively showed that loss of Gata2a alone was insufficient to lead to complete loss of HSPC, rather the circulation defect leads to loss of HSPC migration in gata2aum27 mutants where blood flow is absent. Notably, the absence of tail and trunk circulation resulted in the loss of GFP expressing cells. However, these studies are insufficient to determine precisely the tissue specific role of Gata2a in HSPC development due to the vascular defect impeding further analysis.


[image: image]

FIGURE 2. Impaired HSPC development in gata2a mutants. (A–C) Expression of runx1 by in situ hybridization in 36 hpf embryos, showing decreased expression in gata2aum27/um27 homozygotes. (D–F) Lateral views of c-myb WISH on 36 hpf Gata2aum27 mutants showing decreased expression in in gata2aum27/um27 homozygotes. (G) Quantification of c-myb expression from in situ hybridization images in the AGM of 36 hpf embryos. In (H) mutant fish carrying itga2b:GFP transgene, labeling HSPCs that reside in the CHT, were used to quantify GFPlow cells in the CHT of 56 hpf embryos, showing an allele dependent decrease in GFPlow cells. (I–K) Lateral views of 4 dpf larvae showing the expression of c-myb by in situ hybridization. (L) Quantification of c-myb+ cells in the CHT of 4 dpf mutant larvae. (M–O) Lateral views of the tails of 4 dpf mutant Tg(itga2b:GFP) fish showing a decrease of GFP+ cells in gata2aum27/um27 homozygotes. In (P), the presence (up) or absence (bottom) of blood flow in the tail of Gata2aum27 mutant fish was monitored each day until 5 dpf. Notice the gata2aum27/um27 homozygotes (purple triangles) gaining blood circulation at 3 and 5 dpf. (Q) Plot showing the correlation of the presence (up) or absence (bottom) of blood flow in the tail of Gata2aum27 mutant fish and the presence (right) or absence (left) of Tg(itga2b:GFP)+ cells in 4 dpf fish. At 4 dpf, some gata2aum27/um27 homozygotes (purple triangles) show GFP+ cells, all of which also exhibit circulation in the tail. (R–R″) Lateral views of 4 dpf mutant Tg(itga2b:GFP) fish showing a range of phenotypes of gata2aum27/um27 homozygotes. (S–U) Lateral views of 4 dpf mutant larvae stained with SB. (V) Quantification of SB+ cells in the CHT of 4 dpf larvae shows decreased number of granulocytes in gata2aum27/um27 homozygotes.



TABLE 2. Blood circulation in Gata2a mutants.

[image: Table 2]We went on to analyze the effects of Gata2a loss on differentiated myeloid and erythroid cells using SB and o-dianisidine to label myeloid and erythroid cells, respectively. SB staining showed no significant difference between myeloid cells in heterozygous compared to WT gata2aum27 mutants at 2 dpf, but as expected a marked reduction in myeloid cells in homozygous gata2aum27/um27 was observed (Figures 1S–U) quantified in Figure 1V. Similarly, at 4 dpf we also observe no statistical difference between WT and gata2aum27/+ embryos but a marked reduction in gata2aum27/um27 (Figures 2S–V). As observed with the Tg(itga2b:GFP) line, a small proportion of gata2aum27/um27 mutants show expression of myeloid cells in the CHT suggesting those embryos that escape circulatory defects and develop HSPC that are able to undergo differentiation to mature granulocytes, however, it was not possible to quantify this further in view of the vascular defects.

We also analyzed the effects of Gata2a loss on mature erythroid cells. Vascular defects can delineated in gata2aum27/um27 o-dianisidine stained embryos at 28 hpf (Supplementary Figures 3G–L), observed as pooling of erythroid cells in the posterior blood island secondary to the vascular defect (Supplementary Figure 3L). This highlights that erythroid cells are normally hemoglobinised in the absence of Gata2a. At 28 hpf these erythroid cells are likely to have been derived from primitive wave erythropoiesis and therefore unaffected by the defect in vascular development for initiation and differentiation.

In summary, we show that WT levels of Gata2a are essential for specifying development of stem cell numbers in the dorsal aorta, however, heterozygotes show normal HSPC in the CHT by 4 dpf. In addition, differentiation of myeloid cells is unaffected by loss of one copy of Gata2a. Biallelic loss of Gata2a shows almost complete absence of HSPCs and differentiated myeloid progeny, which can be accounted for at least in part by the absence of normal blood flow in the trunk vessels.



The Role of Gata2b in Developmental Hematopoiesis

The gata2bu5008 mutant was generated using CRISPR and truncates Gata2b prior to the two zinc finger domains (Supplementary Figures 1A,D). Morphological development in gata2bu5008 mutants was normal and no defects in the vasculature or circulation were observed (Supplementary Figures 5F–K). We assessed early developmental myelopoiesis and erythropoiesis using WISH for spi1b and gata1a, respectively. We observed no defect in specification or maturation of myeloid or erythroid primitive wave hematopoietic cells in gata2bu5008 mutants (Supplementary Figures 5A–E). We next assessed definitive hematopoiesis in gata2bu5008 mutants. Definitive HSPC numbers in gata2bu5008 were assessed using WISH for runx1 at 36 hpf. We observed that loss of Gata2b led to an allele dependent reduction in runx1 expression in the dorsal aorta (Figures 3A–C quantified in Figure 3D). This was significant only for gata2bu5008/u5008, but Pearson’s correlation was highly significant across genotypes (Pearson correlation −0.77, p < 0.0001). We assessed HSPC numbers further at 72 hpf using the Tg(itga2b:GFP) line crossed to gata2bu5008 (Figure 3E). By this time point we saw no difference in the number of HSPC between WT and gata2bu5008 mutants. In addition, HSPC marked by the expression of c-myb at 4 dpf showed no difference between genotypes (Figures 3F–H, quantified in Figure 3I). This suggests a partial requirement for Gata2b in the production of HSPC but is dispensable for HSPC maturation in the CHT where HSPC numbers recover to WT levels.
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FIGURE 3. Gata2b is necessary for HSPC specification but dispensable for HSPC maturation. (A–C) Analysis of runx1 expression at 36 hpf by in situ hybridization in Gata2bu5008 mutant embryos shows decreased expression in gata2bu5008/u5008 homozygotes. (D) Quantification of runx1 expression in the AGM of 36 hpf mutant embryos shows allele dependent decrease of runx1 expression. (E) Number of itga2b:GFPlo cells by flow cytometry of individual Tg(itga2b:GFP) Gata2bu5008 mutant embryos at 3 dpf. (F–H) Expression of c-myb by in situ hybridization in the CHT of 4 dpf mutant larvae. (I) Quantification of c-myb+ cells in the CHT of 4 dpf mutant fish. In (J–L), lateral views of 48 hpf mutant embryos stained with SB, labeling granulocytes. (M) Quantification of SB+ cells in the CHT of 48 hpf mutant embryos. In (N–P), SB stainings of 4 dpf larvae show allele dependent decrease of SB+ cells in the CHT of Gata2bu5008 mutant fish, quantified in (Q).


We then went on to assess the effects of Gata2b loss on myeloid differentiation using SB. At 48 hpf we observed no significant difference in myeloid cell numbers indicating that primitive and early definitive granulocytes differentiate normally (Figures 3J–L quantified in Figure 3M). By contrast at 4 dpf we observed a clear reduction in SB+ cells in gata2bu5008/+ and gata2bu5008/u5008 mutants in an allele dependent manner (Figures 3N–P quantified in Figure 3Q). These data show a transient reduction in definitive HSPC at 36 hpf, which recovers promptly, however, subsequent mature myeloid cell numbers are impaired with loss of Gata2b with increasing effect from loss of both alleles. This suggests compensatory mechanisms can drive normal HSPC development with loss of Gata2b, but these are insufficient to compensate for the defects in definitive myelopoiesis.



HSPC Development in Gata2a+/um27; Gata2b+/u5008 Double Heterozygotes

We hypothesized that in order to faithfully model the effects of GATA2 deficiency seen in humans we would need to knock-out a copy of both Gata2a and Gata2b in zebrafish. To this end we crossed gata2aum27/+ to gata2bu5008/+ and assessed the effects on hematopoiesis. We first assessed HSPC numbers in the aorta using WISH for runx1. As observed in single mutant incrosses, runx1 expression was reduced in gata2aum27/+ and in gata2bu5008/+ mutants (Figures 4A,C–E), with statistical significance for gata2aum27/+ mutants. Double heterozygous mutants gata2aum27/+;gata2bu5008/+ also showed a significant reduction in runx1 expression compared to WT and gata2bu5008/+ HSPC, however, there was no clear additive or synergistic effect on HSPC numbers in double heterozygotes compared to single (Figure 4F). 2-way ANOVA showed that the reduction in runx1 expression was driven by the loss of Gata2a with no interaction between genotypes. We investigated this further using c-myb expression at 36 hpf. Expression of c-myb in the dorsal aorta was significantly reduced in both gata2aum27/+ and gata2bu5008/+ mutants (Figures 4B,G–J). In contrast to runx1 expressing HSPC, 2-way ANOVA showed contribution of both alleles to the reduction in expression of c-myb, however, no interaction between genotypes was observed with no significant change in c-myb expression between single and double heterozygotes. These data suggest that Gata2a and Gata2b are both required for normal HSPC production, and that compound heterozygosity is not additive or synergistic in this effect. This suggests that the WT allele of either Gata2 gene can compensate for the other in HSPC. The difference between effects observed with runx1 and c-myb may reflect a more myeloid biased HSPC in the c-myb expressing cells, since c-myb expression is greater in myeloid committed HSPC and Gata2b appears to have a role in definitive myeloid development. Alternatively, c-myb expressing cells may be highlighting a more proliferative subset of HSPC (Zhang et al., 2011).
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FIGURE 4. Gata2aum27 and Gata2bu5008 mutations have independent and non-additive effects on HSPC specification. (A,B) Quantifications of runx1 expression (A) and c-myb+ cells (B) in the AGM of 36 hpf of embryos from Gata2a+/um27 to Gata2b+/u5008 crosses. (C–J) Expression of runx1 (C–F) and c-myb (G–J) by in situ hybridization in 36 hpf embryos. In (K,L), mutant fish carrying itga2b:GFP transgene, labeling HSPCs in the CHT, were used to quantify stationary GFPlo cells in the CHT of 60 hpf (K) and 4 dpf (L) fish. (M) The percentage of embryos displaying blood flow in the trunk in embryos injected with Gata2a (middle), Gata2b (right) mRNA is compared to that of uninjected embryos (left). Absolute numbers of abnormal (pink) and normal (white) embryos are indicated above and under the columns, respectively.


We also assessed HSPC migration and expansion by analyzing Tg(itga2b:GFP)lo cells in the CHT at 60 hpf and 4 dpf. As observed in single heterozygotes, HSPC numbers recover and show no difference between genotypes at this timepoint (Figures 4K,L).

To further delineate the ability of Gata2b to rescue the effects of Gata2a we injected Gata2b mRNA into gata2aum27/+ incross animals. We used blood flow through the trunk as a readout of rescue in gata2aum27 mutants. In uninjected mutants we observed 7% of gata2aum27/um27 embryos with bloodflow through the trunk region by 3 dpf in keeping with their known vascular defects. Expression of Gata2a mRNA rescued this to 26% and Gata2b mRNA to 32% with blood flow through the trunk indicating Gata2b is as effective at rescue of the vascular defects induced by Gata2a loss as Gata2a (Figure 4M).



Gata2a+/um27; Gata2b+/u5008 Double Heterozygotes Show Distinct Defects in Primitive and Definitive Myeloid Development

We next went on to assess the effect of gata2a+/um27; gata2b+/u5008 double heterozygosity on myeloid development since we had observed myeloid defects in both gata2aum27 (in primitive myelopoiesis) as well as in gata2bu5008 (in definitive hematopoiesis). Using SB as a readout, we did not observe any difference between the number of granulocytes in gata2a+/um27; gata2b+/u5008 double heterozygotes compared to single heterozygotes or WT at 2 dpf (Figure 5A). At 4 dpf we observed a significant reduction in SB+ granulocytes in gata2bu5008/+ but no additional effect with the loss of gata2aum27 (Figures 5B–F). These findings confirm that Gata2a heterozygosity does not contribute to the development of SB+ granulocytes alone or in combination with Gata2b loss, and that loss of a single allele of Gata2b is sufficient to confer defective definitive developmental myelopoiesis.
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FIGURE 5. Gata2b+/u5008 mutants display impaired definitive granulopoiesis independent of gata2a genotype. (A,B) Quantifications of SB+ cells in the CHT of 48 hpf (A) and 4 dpf (B) fish from a Gata2a+/um27 to Gata2b+/u5008 cross. (C–F) Lateral views of the trunk of SB stained larvae at 4 dpf showing decreased SB+ cells in the CHT of Gata2b+/u5008 fish.




Effects of Gata2a+/um27 and Gata2b+/u5008 on Adult Hematopoiesis

Our underlying hypothesis is that combined heterozygous loss of gata2a and gata2b will model human GATA2 mediated diseases. To assess the effects of single and combined heterozygous mutants in adults we undertook flow cytometric analysis of whole kidney marrow (WKM) at 12 and 15 months post of age. Blood populations were assess based on forward and side scatter characteristics, with the addition of back-gating GFP and mCherry expressing populations (Supplementary Figures 6A,B). No changes in populations were observed at 12 months, however, by 15 months we observed a significant reduction in the myeloid compartment in gata2bu5008/+ and gata2aum27/+;gata2bu5008/+. On more detailed analysis of the myeloid compartment we assessed the proportion of cells within the myeloid gate that expressed the mCherry transgene. Double heterozygous gata2aum27/+;gata2bu5008/+ animals showed a statically significant reduction in the expression of mCherry at both 12 and 15 months of age. The lysozyme C promoter has been shown in zebrafish models to drive expression in myelomonocytic cells including a proportion subset of neutrophils (Hall et al., 2007). Therefore we think that the reduction in expression of mCherry may represent either reduced numbers, or reduced function of neutrophils or other myelomonocytes in double heterozygotes. This is in keeping with patients who deficient in GATA2 who may show phenotypes of monocytopenia, or abnormal granulopoiesis related to MDS.

We did not, however, observe any leukemias in our double heterozygous mutants, or any overt features of defective lymphatic function as observed in Embergers syndrome. Our phenotype is notably more subtle that that observed in gata2ai4/i4 (Dobrzycki et al., 2020). We think this is likely because the gata2ai4 phenotype is a tissue specific knockdown of Gata2a in hematopoietic cells and occurs in homozygous gata2ai4/i4, therefore the level of Gata2a is likely significantly lower than in our mutants that are not viable as homozygotes. Also gata2a i4 mutants have reduced levels of Gata2b, potentially adding additional impact to their phenotype. Thus our data supports the fact that double heterozygous mutants exhibit features of GATA2 deficiency, but that there may be compensatory mechanisms from the other ohnolog that ameliorate some of the phenotypes.



DISCUSSION

We sought to develop a model of human GATA2 haploinsufficiency using zebrafish to further understand the etiology and spectrum of disease related to effects on developmental hematopoiesis. To do this we proposed analysis of loss of Gata2a and Gata2b alone and in combination in zebrafish would recapitulate a range of phenotypes that may contribute to disease evolution and may further infer structure-function relationships inherent from the sequence similarities and differences between these two highly similar ohnologs. In addition, we hypothesized that we may uncover important redundancies between these and potentially other GATA factors.

We showed that both Gata2 genes are syntenic with human chromosome 3, indicating that these genes arose from an ancestral additional round of duplication of this region. The expression pattern of Gata2a and Gata2b genes are disparate with limited overlap during development (Butko et al., 2015).

Our studies show that loss of Gata2a or Gata2b result in a reduction of HSPC. Prior studies have shown that gata2aum27/um27 mutants have severe vascular defects (Zhu et al., 2011) which are likely to elicit hematopoietic phenotypes as a secondary consequence. However, our data suggest that gata2aum27/um27 homozygotes are capable of recovering and developing HSPCs in a few cases where blood flow was recovered or truncal vasculature remained intact. These observations are consistent with the recovery of HSPC development reported in fish with mutations in a conserved enhancer that drives endothelial expression of Gata2a (Dobrzycki et al., 2020). Other recent studies have shown that initial specification and endothelial-to-hematopoietic transition of HSC is intact in Gata2b knockout animals (Gioacchino et al., 2021). In our studies we demonstrated that Gata2bu5008/u5008 mutants have normal vascular development but have a reduction in HSPCs in the aorta from 36 hpf. This defect is no longer evident by 4 dpf in the CHT and notably overall their phenotype is milder than that observed in gata2b morphants (Butko et al., 2015). Interestingly, analysis of HSPC development in compound heterozygotes shows slightly more severe phenotypes on gata2aum27/+ heterozygotes, consistently with the role of Gata2a upstream of Gata2b, regulating runx1 and gata2b expression in the hemogenic endothelium (Dobrzycki et al., 2020).

Analysis of gata2aum27 mutants shows a role for Gata2a during primitive myelopoiesis while analysis of gata2bu5008 mutants show that Gata2b is dispensable for primitive myelopoiesis but is required for definitive myelopoiesis. This phenotype can be observed at 4 dpf and is consistent with decreased myeloid cells in the whole kidney marrow of adult Gata2b mutants (Gioacchino et al., 2019). Butko et al. (2015) showed using an elegant genetic switch experiment and gata2b derived promoter elements that the majority of adult myeloid cells are derived from gata2b+ cells. We propose that the role for Gata2b in myelopoiesis is independent from HSPC production, as experiments on heterozygote gata2b+/u5008 fish show normal HSPC numbers as soon as 60 hpf. Additionally, Gata2bu5008 mutants exhibit normal definitive erythropoiesis, suggesting that Gata2b is required specifically for granulocyte development. This is consistent with findings of neutropenia in patients carrying GATA2 mutations (Pasquet et al., 2013; Wlodarski et al., 2016).

Our results show that both Gata2a and Gata2b are required for myeloid and HSPC development, each at different developmental stages. A possible explanation could be the sub-functionalization of these Gata2 ohnologs, by exclusion of territories of expression. Expression analysis shows that gata2a is expressed as early as 8ss in the PLM, while gata2b expression is much more spatially restricted and can only be detected from 18ss (Butko et al., 2015). Consistently, we found successive requirement for Gata2a and Gata2b for myeloid and HSPC development. We show that there is an early requirement for Gata2a in primitive myelopoiesis in the PBI, and a later requirement for Gata2b in definitive granulopoiesis in the CHT. Similarly, while Gata2a is necessary for vascular development, Gata2b is required later during HSPC emergence.

The differing contributions of Gata2a and Gata2b could also be explained by expression exclusion without substantial changes in protein function. The observed non-synergistic effects on HSPC development in compound heterozygotes suggest that over time, one WT copy of each Gata2 gene is sufficient to compensate the lack of the other. This supports the possibility that the differing phenotypes are a product of expression exclusion rather than different protein function. Further support to this comes from circulation rescue experiments which show that Gata2b overexpression is able to partially rescue blood flow in the trunk of Gata2aum27/um27 homozygotes to a similar level as Gata2a. Rescue studies in Gata2b morphants conversely could not be rescued by constitutive expression of Gata2a (Butko et al., 2015), although notably GATA factor redundancy between other GATA genes has also been described. Therefore compensatory mechanisms from other GATA factors already is an alternative explanation (Ferreira et al., 2007).

Adult gata2aum27/+;gata2bu5008/+ animals show defects in the myeloid compartment which we first observe at 12 months of age consistent with features of GATA2 deficiency. However, the range of phenotypes and rate if onset is less florid than an alternative published zebrafish Gata2 disease model (Dobrzycki et al., 2020), where a tissue specific intronic enhancer regulating Gata2a expression is completely removed (and downstream of this Gata2b). This further suggests a dose dependent effect of Gata2a in hematopoietic cells may drive the leukemic phenotype, or the acquisition of second hit mutations that drive the formation of leukemia’s in GATA2 deficiency.

In summary, we describe the sequential and complementary defects resulting from loss of Gata2a and Gata2b in zebrafish during development and in adults, further expanding our understanding of the complex inter-regulation of these GATA factors during hematopoiesis, and their role in developmental hematopoiesis relevant to human GATA2 deficiency.
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Meclozine Attenuates the MARK Pathway in Mammalian Chondrocytes and Ameliorates FGF2-Induced Bone Hyperossification in Larval Zebrafish
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Meclozine has been developed as an inhibitor of fibroblast growth factor receptor 3 (FGFR3) to treat achondroplasia (ACH). Extracellular signal regulated kinase (ERK) phosphorylation was attenuated by meclozine in FGF2-treated chondrocyte cell line, but the site of its action has not been elucidated. Although orally administered meclozine promoted longitudinal bone growth in a mouse model of ACH, its effect on craniofacial bone development during the early stage remains unknown. Herein, RNA-sequencing analysis was performed using murine chondrocytes from FGF2-treated cultured tibiae, which was significantly elongated by meclozine treatment. Gene set enrichment analysis demonstrated that FGF2 significantly increased the enrichment score of mitogen-activated protein kinase (MAPK) family signaling cascades in chondrocytes; however, meclozine reduced this enrichment. Next, we administered meclozine to FGF2-treated larval zebrafish from 8 h post-fertilization (hpf). We observed that FGF2 significantly increased the number of ossified vertebrae in larval zebrafish at 7 days post-fertilization (dpf), while meclozine delayed vertebral ossification in FGF2-induced zebrafish. Meclozine also reversed the FGF2-induced upregulation of ossified craniofacial bone area, including ceratohyal, hyomandibular, and quadrate. The current study provided additional evidence regarding the inhibitory effect of meclozine on the FGF2-induced upregulation of MAPK signaling in chondrocytes and FGF2-induced development of craniofacial and vertebral bones.
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INTRODUCTION
Achondroplasia (ACH) is a common skeletal dysplasia with short-limbed short stature caused by gain-of-function mutations in fibroblast growth factor receptor 3 (FGFR3) (Rousseau et al., 1994; Shiang et al., 1994). In addition to short stature, ACH is associated with frontal bossing, midface hypoplasia, lumbar lordosis, limited elbow extension, and trident hand (Horton et al., 2007). Furthermore, foramen magnum stenosis can sometimes lead to serious complications, such as hydrocephalus, central sleep apnea, and sudden death (Hecht et al., 1989). Most adult patients with ACH exhibit spinal canal stenosis (Fredwall et al., 2020). Stenoses of the foramen magnum and spinal canal can develop owing to the premature closure of the synchondroses of the cranial base and vertebral arch (Hecht et al., 1989; Horton et al., 2007). In contrast, loss-of-function mutations in FGFR3 cause camptodactyly, tall stature, scoliosis, and hearing loss syndrome (Toydemir et al., 2006). Thus, FGFR3 is a negative regulator of endochondral bone growth.
Previously, we demonstrated that meclozine, which has been employed as an anti-motion sickness treatment for more than 50 years, ameliorated the FGF2-mediated suppression of proliferating rat chondrosarcoma (RCS) cells by attenuating FGFR3 signaling (Matsushita et al., 2013). Oral administration of meclozine also increased bone elongation in a mouse model of ACH (Fgfr3ach mice) (Matsushita et al., 2015; Matsushita et al., 2017a). However, foramen magnum stenosis was not improved following meclozine administration from postnatal day 7. Conversely, maternal administration of meclozine partially rescued premature synchondrosis closure in Fgfr3ach mouse embryos (Matsushita et al., 2017b), but the effect of meclozine on craniofacial bone development was not significant, probably due to the low rate of placental drug transport. The effect of early meclozine administration on craniofacial bone development in ACH remains unclear. During craniofacial skeletogenesis, bone morphogenic protein (BMP) signaling is an early inductive signal required for cell migration, condensation, proliferation, and differentiation (Nie et al., 2006). In addition to accelerated endochondral ossification, FGFR3 signaling in chondrocytes increases the expression of BMP ligands and decreases the expression of BMP antagonists via the mitogen-activated protein kinase (MAPK) pathway (Matsushita et al., 2009). Reportedly, decreased secretion of BMP antagonists results in enhanced osteoblastogenesis in a paracrine manner. Accordingly, inhibition of the MAPK pathway in chondrocytes could attenuate craniofacial bone development.
Zebrafish have been used to examine the pathobiology of various diseases, including cardiovascular diseases (Priya et al., 2020), neurological disorders (Escamilla et al., 2017), and cancer (Hosono et al., 2017). Zebrafish have been employed to investigate bone and cartilage development, as phenotypes can be analyzed from the embryonic stage by exploiting the short development time (Hammond and Moro, 2012). As observed in humans, bone growth in zebrafish is composed of both intramembranous and endochondral ossifications (Weigele and Franz-Odendaal, 2016). Notably, Fgfr3 was expressed in both osteoblasts and chondrocytes in zebrafish, similar to that observed in higher vertebrates (Ledwon et al., 2018). Therefore, zebrafish can be used to evaluate the effect of FGFR3 signaling on bone development between the embryonic and postnatal stages.
The purpose of the current study was to evaluate the effect of meclozine on vertebral and craniofacial bone development. We hypothesized that meclozine could inhibit FGF2-induced activation of MAPK pathway followed by downstream signalings including BMPs in chondrocyte, and attenuate FGF2-treated vertebral and craniofacial bone development. In the current study, we evaluated the inhibitory effect of meclozine on the MAPK pathway in embryonic murine cartilage. In addition, we analyzed the effect of FGF2 administration on bone and cartilage in larval zebrafish, as well as the effect of meclozine administration on early bone development in FGF2-treated larval zebrafish.
RESULTS
Meclozine Attenuates MAPK Signaling in Mice FGF2-Treated Embryonic Tibia
As previously reported (Matsushita et al., 2013), we cultured FGF2-treated embryonic tibiae of wild-type mice with or without meclozine for 4 days. Untreated tibiae were found to be elongated compared to FGF2-treated tibiae by 7.3% (p < 0.005). However, meclozine enhanced the bone length of FGF2-treated tibiae by 3.8% (p < 0.005) (Figure 1A). To more broadly assess the signaling pathways affected by meclozine treatment, differential expression was analyzed by RNA-seq using FGF2-treated tibiae, with or without meclozine in the cartilage harvested from cultured tibiae. Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) revealed significant enrichment of the MAPK pathway (REACTOME_MAPK_FAMILY_SIGNALING_CASCADES) and its subset p38 pathway (ST_P38_MAPK_PATHWAY), as well as non-significant enrichment of the MEK-ERK pathway (REACTOME_MAPK3_ERK1_ACTIVATION), following FGF2 treatment (Figure 1B and Supplementary Figure S1). In contrast, meclozine co-treatment partially suppressed a subset of genes upregulated by FGF2 treatment (Figures 1B,C, and Supplementary Figure S1). Furthermore, neither FGF2 nor meclozine affected the enrichment score of the c-Jun N-terminal kinase (JNK) pathway (GCM_MAPK10) (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Meclozine attenuates the MAPK pathway of FGF2-treated tibiae in the organ culture system. (A) Upper panels: Representative images of E16.5 tibiae of wild-type mice after 4-day culture. Scale bares indicate 1 mm. Lower panels: Absolute bone length after 4-day treatment. Dots indicate the length. Lines are drawn between dots of the same individual. Statistical significance was analyzed by paired Student’s t-test. (B) Enrichment plots of two MAPK signaling-associated gene sets identified by GSEA between FGF2- and FGF2+, and FGF2+ and FGF2+ meclozine in the articular cartilage of ex vivo cultured tibiae. (C) Heatmap depicting the expression of the genes in REACTOME_MAPK_FAMILY_SIGNALING_CASCADES signature and ST_P38_MAPK_PATHWAY signature between FGF2- and FGF2+, and FGF2+ and FGF2+ meclozine in the articular cartilage of ex vivo cultured tibiae. (D) Enrichment plots of BMP signaling-associated gene set identified by GSEA between FGF2- and FGF2+, and FGF2+ and FGF2+ meclozine in the articular cartilage of ex vivo cultured tibiae. (E) Heatmap depicting the expression of the Ihh, Bmp2, Bmp4, and Bmp7 between FGF2- and FGF2+, and FGF2+ and FGF2+ meclozine in the articular cartilage of ex vivo cultured tibiae. MAPK, mitogen-activated protein kinase; GSEA, Gene set enrichment analysis.
FGF2 or meclozine treatment did not result in significant change in BMP pathway (GOBP_REGULATION_OF_BMP_SIGNALING_PATHWAY) (Figure 1D). FGF2, however, downregulated Indian hedgehog (Ihh) and upregulated Bmp2, Bmp4, and Bmp7 while meclozine reversed these expression levels (Figure 1E). We recapitulated these results by qRT-PCR (Supplementary Figure S2).
Optimal Doses of FGF2 and Meclozine Are Determined for Larval Zebrafish
We initially examined the temporal profiles of the effect of FGF2 on vertebral ossification in larval zebrafish. The embryos were treated with each dose of FGF2 from 4 h post-fertilization (hpf), eight hpf, 1 day post-fertilization (dpf), or two dpf; the ossified bones were visualized by staining with Alizarin red at seven dpf (Figure 2A). We quantified the number of ossified vertebrae from the lateral view of the larval zebrafish. Further, we selected 30 ng/mL FGF2 treatment from eight hpf owing to a significant increase in the number of ossified vertebrae in larval zebrafish at seven dpf (Figures 2B,C). To determine the maximum tolerable meclozine dose, we added 0.1, 0.3, 1, or 3 μM of meclozine to larval zebrafish from eight hpf to seven dpf and observed no surviving larval zebrafish following treatment with 3 μM meclozine at the established endpoint (Figure 2D). Thus, we chose 1 μM meclozine as the maximum tolerated dose.
[image: Figure 2]FIGURE 2 | Treatment protocol of FGF2 and meclozine are determined for evaluating vertebral ossification in larval zebrafish. (A) Treatment regimen of FGF2 for larval zebrafish. (B) Quantification of ossified vertebrae after FGF2 treatment. Dots indicate the number of ossified vertebrae of each sample, and bars indicate means. Statistical significance was analyzed by one-way ANOVA with post-hoc Tukey HSD. (C) Representative images of larval zebrafish from the lateral view at seven dpf stained with Alizarin red after 30 ng/mL FGF2 treatment from eight hpf to seven dpf. Arrows: ossified vertebrae. Scale bar indicates 500 µm. (D) Survival curve of larval zebrafish treated with each dose of meclozine from eight hpf to seven dpf.
Meclozine Delays FGF2-Induced Spinal and Craniofacial Ossification in Larval Zebrafish
Treatment with 1 μM meclozine attenuated vertebral ossification in larval zebrafish enhanced by FGF2 treatment (Figure 3A). Quantitative analyses revealed that FGF2 significantly increased the number of ossified vertebrae in larval zebrafish, whereas meclozine almost normalized the number of ossified vertebrae in FGF2-treated larval zebrafish (Figure 3B). We also evaluated the effect of meclozine on FGF2-induced craniofacial bone hyperossification by quantifying the number of ossified bone elements, including ceratohyal (ch), hyomandibular (hm), branchiostegal rays (br), dentary (d), entopterygoid (en), maxilla (m), and opercle (o) (Supplementary Figure S3A). FGF2 enhanced craniofacial ossification in larval zebrafish, whereas meclozine suppressed FGF2-induced ossification (Figure 3C). The number of ossified ch, hm, and br was significantly reduced following meclozine treatment in FGF2-induced larval zebrafish (Figure 3D). We confirmed the replicability of the effect of meclozine on FGF2-treated spinal and craniofacial bones in an additional experiment (Supplementary Figures S4A–C).
[image: Figure 3]FIGURE 3 | Meclozine attenuates spinal and craniofacial bone ossification in FGF2-treated larval zebrafish. (A) Representative images of larval zebrafish from the lateral view at seven dpf stained with Alizarin red after 30 ng/mL FGF2 treatment, with or without 1 µM meclozine, from eight hpf to seven dpf. Arrows: ossified vertebrae. Scale bar indicates 500 µm. (B) Quantification of ossified vertebrae after FGF2 treatment, with or without meclozine. Dots indicate the number of ossified vertebrae of each sample, and bars indicate means. Statistical significance was analyzed by one-way ANOVA with post-hoc Tukey HSD. hpf, hours post-fertilization; dpf, days post-fertilization. (C) Representative craniofacial bone elements of larval zebrafish from anteroposterior view at seven dpf stained with Alizarin red after FGF2 treatment, with or without meclozine. Scale bar indicates 500 µm. (D) Quantification of the number of each ossified craniofacial bone element, including ceratohyal (ch), hyomandibular (hm), branchiostegal ray (br), dentary (d), entopterygoid (en), maxilla (m), and opercle (o), after FGF2 treatment with or without meclozine. Data values are presented as means and standard deviation (SD). Statistical significance was analyzed by one-way ANOVA with post-hoc Tukey HSD.
Meclozine Reverses FGF2-Induced Acceleration of Endochondral Ossification in Larval Zebrafish
Both FGF2 alone and FGF2 + meclozine failed to exert a significant effect on chondrocyte shape in conventional wide-field images (Supplementary Figure S5A). FGF2 and meclozine did not alter the measured lengths of the anterior limit (an)-ethmoid plate (et), an-posterior limit (po), et-po, articulation (ar)-ar, ceratohyal (ch)-ch, and hyosymplectic (h)-h, as well as the jaw angle (Supplementary Figures S3B,C, and Supplementary Figures S4B,C). However, confocal images indicated that FGF2 downregulated the signals of craniofacial cartilage (Figure 4A). Meclozine ameliorated FGF2-induced atrophy of the cartilage. Areas of craniofacial cartilage in ch, h, and palatoquadrate (pq) were significantly decreased by FGF2 treatment, while there were no statistical differences of these areas between FGF2- and FGF2 + meclozine (Figure 4B). On the other hand, craniofacial bones were hyperdeveloped by FGF2 treatment and meclozine counteracted the effect of FGF2 in confocal images (Figure 4C). Quantitative analyses indicated that meclozine reduced the FGF2-induced ossification of craniofacial bones, including ch, hm, and quadrate (q) (Figure 4D).
[image: Figure 4]FIGURE 4 | Meclozine ameliorates FGF2-induced hyper ossification in larval zebrafish. (A) Representative craniofacial cartilage elements of larval zebrafish from ventral view, three-dimensional (3D) view, and single layer at seven dpf in Tg (col2a1a:EGFP) after FGF2 treatment, with or without meclozine. Scale bar indicates 100 µm. (B) Quantification of area of craniofacial cartilage, including ceratohyal (ch), hyosymplectic (h), and palatoquadrate (pq) after FGF2 treatment with or without meclozine. (C) Representative craniofacial cartilage and bone elements of larval zebrafish from ventral view, 3D view, and single layer at seven dpf in Tg (col2a1a:EGFP) stained with Alizarine red after FGF2 treatment, with or without meclozine. Scale bar indicates 100 µm. (D) Quantification of relative ossification area, including ceratohyal (ch), hyomandibular (hm), and quadrate (q) after FGF2 treatment with or without meclozine. Relative ossification area was calculated by dividing each red signal area by each green area. Data values are presented as means and standard deviation (SD). Statistical significance was analyzed by one-way ANOVA with post-hoc Tukey HSD.
DISCUSSION
Herein, we revealed that meclozine counteracted growth retardation in FGF2-induced embryonic tibiae by attenuating the MAPK family signaling cascades activated by FGF2 treatment in chondrocytes. The effect of FGF2 on accelerating vertebral and craniofacial bone development in larval zebrafish was reversed following meclozine administration. Such results indicate that meclozine neutralizes the effect of FGF2 on abnormal bone and cartilage development.
A recent study reported that Fgfr3-deficient zebrafish showed craniofacial malformations associated with bone mineralization defects, abnormal hypertrophy, and disarrangement in the growth plate, similar to human CATSHL syndrome (Sun et al., 2020). In another study, zebrafish carrying loss-of-function of Fgfr3 demonstrated craniofacial abnormalities, including microcephaly, Wormian bone formation, and small frontal and parietal bones with delayed osteoblast genesis (Dambroise et al., 2020). These results indicate that FGFR3 is a positive regulator of intramembranous ossification. According to the findings of the current study, FGF2, an FGFR3 ligand, had a positive impact on craniofacial development, which opposed the defective bone development observed in Fgfr3-deficient zebrafish. Reportedly, NVP-BGJ398, an FGFR tyrosine kinase inhibitor, enhances bone growth in a mouse model with a gain-of-function mutation in Fgfr3 (Komla-Ebri et al., 2016). Dambroise et al. (Dambroise et al., 2020) demonstrated that BGJ398 inhibited cranial vault development in zebrafish. Similar results would be obtained after long-term treatment of meclozine in zebrafish. In addition to enhancing longitudinal bone growth, FGFR3 inhibitors can lead to delayed bone ossification during early embryo life.
RCS cells have been utilized as an in vitro model of ACH, as FGFR3 is abundantly expressed in RCS cells, and FGF2 inhibits cell proliferation and differentiation (Krejci et al., 2010). In the embryonic bone culture system, longitudinal bone growth is attenuated following FGF2 treatment (Krejci et al., 2010; Gudernova et al., 2016). These alterations in both RCS cells and cultured bone cells via continuous stimulation of FGF2 were reversed following meclozine administration (Matsushita et al., 2013). The current study also provides evidence of the inhibitory effect of meclozine on FGF2-induced bone hyperossification in larval zebrafish.
Activated FGFR3 signaling upregulated MAPK, including extracellular signal-regulated kinase (ERK), p38, and JNK, while FGFR3 in growth plate chondrocytes activated ERK and p38 (Ornitz and Marie, 2019). GSEA indicated that meclozine attenuated the MAPK family signaling cascades. Previously, we reported that meclozine inhibits ERK phosphorylation in FGF2-treated RCS cells (Matsushita et al., 2013). Additionally, Guo et al. (Guo et al., 2017) have indicated that meclozine attenuates ERK phosphorylation augmented by the receptor activator of nuclear factor-κB ligand (RANKL) in bone marrow-derived macrophages (BMMs). They further demonstrated that meclozine inhibited p38 phosphorylation in RANKL-treated BMMs. Thus, the simultaneous inhibition of ERK and p38 phosphorylation suggests that the molecular target of meclozine might be at the level of MAPKKK or higher (Chao et al., 1999; Fritz et al., 2006; Craig et al., 2008). However, JNK phosphorylation was not inhibited by meclozine in RANKL-treated BMMs (Guo et al., 2017). Similarly, FGF2 does not induce JNK phosphorylation in RCS cells (Krejci et al., 2004). GSEA also revealed that neither FGF2 nor meclozine had a positive effect on the JNK pathway.
St-Jacques et al. (St-Jacques et al., 1999) demonstrated that Ihh had an essential role of osteoblast development in endochondral bones. Ihh and Bmp4 in a growth plate cartilage were suppressed in a mouse model with gain-of-function mutation of FGFR3 (Naski et al., 1998). Current results also indicated that Ihh did not seem to be mediated in FGF2-induced bone formation due to the downregulation of Ihh by FGF2 treatment. On the other hand, Bmp2, Bmp4, and Bmp7 in chondrocytes were upregulated by FGF2 treatment. Bmp2 and Bmp7 were similarly promoted in FGF18-treated chondrocytes (Matsushita et al., 2009). However, expression of Bmp2, Bmp4, and Bmp7 in chondrocytes were increased in a conditional knock-out mouse of FGFR3 (Wen et al., 2016). Although there seemed to be physiological difference between FGF2-treated chondrocytes and FGFR3-upregulated chondrocytes, meclozine definitely reversed FGF2-induced regulation of Ihh and Bmps in chondrocytes.
The present study had several limitations. First, we employed FGF2-treated zebrafish instead of zebrafish with a gain-of-function mutation in Fgfr3. The phenotype could be similar between both zebrafish since the longitudinal bones were shortened in a FGF2-overexpressing mouse model (Coffin et al., 1995) as well as an ACH mouse model (Naski et al., 1998), and expression pattern of zebrafish fgfr3 was also similar to the expression observed in higher vertebrates (Ledwon et al., 2018). We did not directly determine the effect of meclozine on craniofacial development in the ACH zebrafish model, although we demonstrated that meclozine neutralized the FGF2-induced phenotype. Second, we observed the phenotype of FGF2-treated zebrafish at seven dpf; this is because zebrafish cannot be grown in a culture plate after seven dpf. Thus, another phenotype could have existed in older zebrafish under FGF2 treatment. Lastly, RNA-seq was performed using cartilage harvested from murine tibiae. Nonetheless, the limitation of the current study lies in the lack of relevant animal experiments for further verification.
Collectively, our findings revealed that meclozine attenuates FGF2-induced craniofacial bone development in larval zebrafish. However, further studies are needed to evaluate the long-term effects of early meclozine administration.
MATERIALS AND METHODS
Bone Explant Culture
All mouse studies were approved by the Animal Care and Use Committee of the Nagoya University. The tibiae of wild-type mice (C57BL/6 background) (Japan SLC) were dissected under a microscope on embryonic day 16.5. Thereafter, tibiae were cultured in a 48-well plate with BGJb medium (12591038, Invitrogen) supplemented with 0.2% bovine serum albumin and 150 mg/mL ascorbic acid. FGF2 (3339-FB-025, R and D Systems) was administered in the presence or absence of 20 µM meclozine (155341, MP Biomedicals) for 4 days. The medium was changed daily. The longitudinal length of the bone, defined as the length between the proximal and distal articular cartilage, was measured using ImageJ software (U. S. National Institutes of Health, Bethesda, MD, USA) (Matsushita et al., 2013; Matsushita et al., 2015).
Zebrafish Maintenance
All zebrafish studies were approved by the Animal Care and Use Committee of the Aichi Cancer Center Research Institute. Zebrafish (Danio rerio) were maintained at 28–29°C under a 14 h light:10 h dark cycle in a filtered freshwater recirculation system and fed three times daily, as described previously (Westerfield, 2007). Breeding was performed approximately 90 dpf when fish were sexually mature. Previously separated male and female zebrafish were introduced into a breeding tank, and eggs were collected. Embryos were raised at 28.5°C and staged in hpf, according to standard procedures. The AB strain, originally obtained from Zebrafish International Resource Center (ZIRC), was used to generate the transgenic lines described in this study.
Generation of Tg (col2a1a:EGFP) Zebrafish
The plasmid col2a1a:EGFP was constructed using the Tol2/Gateway kit (Kwan et al., 2007). The col2a1a promoter was amplified using gDNA extracted from embryos as a template and cloned into the p5ʹE entry vector. The EGFP and polyA tails were cloned into the pME and p3ʹE entry vectors, respectively. These were then assembled into the Tol2 destination vector using the MultiSite Gateway Technology system (Invitrogen). One-cell stage embryos were microinjected with 50 ng/μL Tol2 mRNA and 50 ng/μL of col2a1a:EGFP construct using a pneumatic pico-pump (PV-820, World Precision Instrument). F0 zebrafish were crossed with wild-type AB to generate F1 embryos, which were screened for GFP expression. F0 zebrafish that could produce germ-line GFP expression were crossed to produce F1 heterozygotes. F2 generations were generated by F1 heterozygotes in-cross.
Preparation of Recombinant Protein
His-tagged zebrafish-fgf2 (zFGF2) protein was expressed in Sf9 insect cells using a Gateway system (Invitrogen), according to the manufacturer’s instructions, followed by purification using imidazole (19004-22, Nacalai, Japan)-affinity chromatography.
Zebrafish Embryo Treatment
F2 heterozygous col2a1a:EGFP zebrafish were crossed with wild-type zebrafish to produce heterozygous embryos. Embryos were harvested at indicated stages and cultured in 6-well plates with zFGF2, with or without meclozine, until seven dpf. Larvae were fed Dried Rotifer Sheet (HIKARI-LABO Hirugata-wamushi, KYORIN CO., LTD., Japan [Nakayama et al., 2018)] at five dpf. In vivo skeletal staining was performed with 0.05% Alizarin red (A5533, Sigma-Aldrich) in E3 medium for 60 min and subsequently washed with E3 medium. Zebrafish larvae were anesthetized with 0.016% tricaine (T0941, Tokyo Chemical Industry Co., Ltd., Japan), and images were captured with a Keyence BZ-X810 All-in-One fluorescence microscope (Keyence, Osaka, Japan). The number of ossified vertebrae and bone elements was counted using skeletal images stained with Alizarin red. Vertebrae and craniofacial bone elements with any staining of Alizarin red was counted as ossified bones (Felber et al., 2011). From images visualized using EGFP, we identified each cartilaginous element, including mk, pq, h, an, et, po, ar, and ch (Supplementary Figure S2B). The jaw angle was defined as the angle between the bilateral channels (Supplementary Figure S2C). Larval zebrafish visualized by EGFP and stained with Alizarin red were also captured with TiE-A1R confocal microscope (Nicon, Tokyo, Japan) to reconstruct three-dimensional (3D) images. The length, angle, and area of interest were calculated using the ImageJ software. The number of zebrafish used in the current study was indicated in Supplementary Table S1.
RNA Isolation
Total RNA was isolated from the cartilage of the cultured tibiae using miRNeasy Mini Kit (217004, QIAGEN) with DNase I (79254, QIAGEN) digestion according to the manufacturer’s instructions. RNA integrity was verified using an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA).
Quantitative Real-Time
qRT-PCR was performed using Power SYBR Green Mastermix (Applied Biosystems, CA) on an Applied Biosystems 7900HT Real-Time PCR System. All oligonucleotide primers were obtained from FASMAC (Kanagawa, Japan) and are listed in Supplementary Table S2. The housekeeping gene, Gapdh, was amplified as controls. Fold changes were calculated relative to Gapdh and normalized to the median value of the FGF2+ samples.
PCR RNA-Sequencing
RNA-seq was performed by Filgen Inc. (Nagoya, Japan) in paired-end mode. RNA-sequencing reads were aligned to the mouse reference genome (mm9) using HISAT2 (Kim et al., 2015) and converted to gene counts using featureCounts (Liao et al., 2014). The raw read counts were normalized using DESeq2 (Love et al., 2014) to estimate gene expression.
Differential Expression Analysis and Gene Set Enrichment Analysis
GSEA was performed using the MSigDB v7.2. A family-wise error rate (FWER) p-value < 0.01 was considered significant.
Statistical Analysis
All data are expressed as the mean and standard deviation. Statistical differences were determined using one-way analysis of variance (ANOVA) with post-hoc Tukey HSD and Student’s t-test. Data analysis was performed using IBM SPSS Statistics version 27 (IBM, Armonk, NY, United States). Statistical significance was set at p < 0.05.
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Fraction Elution solvent The amount of
extracts: mg (%)

A n-Hexane = 100 490 (24.5)
n-Hexane = 100 184 (9.2)
c n-Hexane : 386 (19.3)
Acetone =98 : 2
(v/v)
D n-Hexane : 322 (16.1)
Acetone=93:7
(v/v)
E n-Hexane : 48 (2.4)
Acetone =93 : 7
(v/v)
E n-Hexane : 154 (7.7)
Acetone =93 : 7
(v/v)
G n-Hexane : 140 (7.0)
Acetone =88 : 12
(v/v)
H n-Hexane : 178 (8.9)
Acetone=88:12
(v/v)
n-Hexane : 348 (17.4)
Acetone = 88-85:
12-15 (v/v)
J Acetone : 136 (6.8)
Ethanol = 50-0 :
50-100 (v/v)

oy}

The total processed amount of GHE was 2 g.
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Drug or indicator

2-{4-(dimethylaminojstyryl)-N-
ethylpyricinium iodide
(DASPE))

MitoTracker Green FM
FM1-43

Tetremethylrhodamine ethyl ester
(TMRE)
Jo-

MitoTracker Red CMXRos

3-Diethyloxacarbocyanine iodide
[Dioc2@)

Yo-Prot

celROX Green

celROX Deep Red

H,DCFDA

MitoSOX

MitoTEMPO

TEMPOL
o-Nitrophenyl EGTA (NP-caged
EGTA)
Diazo2

lonomycin
Cydlosporin A (CsA)
Carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone (FCCP)
Antimycin A
Ru360

TRO 19622

Function

Mitochondrial stain

Mitochondrial mass indicator

Mechanotransduction-dependent
dye

Mitochondrial membrane potential
indicator

Ratiometric mitochondrial
membrane potential indicator
Mitochondrial membrane potential
indicator

Mitochondrial membrane potential
indicator

Nuclear stain

ROS indicator

ROS indicator

ROS indicator

Mitochondrial superoxide indicator
Superoxide scavenger;
TPP+--modified version of TEMPOL
Superoxide scavenger

Photolabile Ca?+ chelator; used to
deliver Ca?* upon UV exposure
Cal* chelator

Ca?* ionophore

Inhibitor of cyclophilin D

Uncoupler of mitochondrial oxidative
phosphorylation

Inhibitor of mitochondial electron
transport chain

Antagonist of mitochondrial Ca2*
uniporter (MCU)

Antagonist of voltage-dependent
anion channel (VDAC)

Dosage or working
concentration

0.005%

25-100nM

1-2.25uM

1-25nM

1.5uM

25nM

0.4uM

3uM
2-25uM
10uM
10pM
1M
10-100pM

50uM
25 pmol (injected at
1-cell stage)

25 pmol (njected at
1-cell stage)
SuM
200nM
100 nM-10M

100-500 pM

500 NM-10pM

10uM
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Transgene
Tg[myobb:cytoRGECO]
TglmyoBbicytoGCaMP3]
Tg[myo6b:mitoRGECO]
Tglmyo6b:mitoGCaMP3]
Tglmyo6b:erGCaMP3]
Tglmyo6b:GCaMP6s-
CAAY

Tg[myo6b:HyPer]
Tglmyo6b:Rex-YFP]

Tg[myo6b:mitoTimer]

TglmyobbimitoFos]

Description

Hair-cell specific Ca?*
biosensor

Hair-cell specific Ca2*
biosensor

Mitochondrially localized
Ca?* biosensor in hair cells
Mitochondrially localized
Ca?* biosensor in hair cells
ER-localized Ca?*
biosensor in hair cells
Membrane-localized Ca?*
biosensor in hair cells
Hair-cell specific hydrogen
peroxide biosensor
NAD(H) rediox fluorescent
indicator in hair cells
Mitochondrially localized
fluorescent indicator of
mitochondial oxidation or
tumover in hair cells
Mitochondrially localized
photoconvertible
fluorophore in hair cells
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Application Objective Model Actives Targets (genes/Protein/ References
pathways/compounds)
Anti-OP effect Rescue OP phenotype ZF GC induced OP Liquiritigenin D 114829 Alp, Trap Carnovali et al., 2020b
Reldation Baicalin D 64982 [Rank-Rank-Opg] pathway Zhao et al., 2020
Icariin D 5318997 N/A Wang et al., 2019
Tanshinol D 126071 alp, runx2a, oc, sp7/ROS Luo S. et al., 2016
Salvianolic acid B D 11629084 alp, runx2a, oc, sp7/ROS Luo S. V. et al., 2016
Hydroxysafflor yellow A D 6443665 alp, acp5, runx2, opg, oc LiuL. et al., 2018
Evodiamine D 442088 Alp/[Mmp3-Opn-Mapk] pathway Yinet al., 2019
Shiitake mushroom EAE fatc Lee H. et al., 2020
Citrofulvicin D 139591155 /A Chen et al.,, 2018
Fulvionol D 139591156
Zuogui pill Herb formula Alp, Trap, Tgf-B, p-Smad3, Col1/2 Yinet al., 2018
Xian-ling-gu-bao Herb formula /A Wu et al., 2017
ZF glucose induced OP Liquiritigenin D 114829 Alp, Trap Carnovali et al., 2019b
MK rankl-induced OP Delphinidin D 68245 /A Imangali et al., 2020
Icariin D 5318997 /A Pham et al., 2020
Bioprospection |dentification of anti-OP ZF GC induced OP Sinomenium acutum Dried stems/rhizomes Extracts and alkaloids Liuet al., 2020

compounds/matrix

Dunaliella salina

Protein hydrolysates

alp, runx2a, oc, sod, cat/P32

Chen et al., 2021

Dipsacus asperoides

Dried root EAE

Saponins and non-saponins

Jing etal., 2014

Morinda officinalis

Purified-derived
compounds

Anthraguinones, iridoid glycoside and
saccharides

Fu et al., 2020

Achyranthes bidentata Blume

Polysaccharides from
CE

Peptide AB50 and ABPB-3

Zhang W. et al., 2018;
Yan et al., 2019

Abeliophyllum distichum Nakai

Fruits, branches, and
eaves EE

Leaves EE

Lee K. et al., 2020

Erxian decoction D 72819117 Matrix of 13 compounds Wang et al., 2019
Ligustilide D 5319022 N/A Yang et al., 2019
Cycloastragenol D 13943286 N/A Wu et al., 2020
Acaulium sp. H-JQSF N/A Acaulins A and B Wang et al., 2018a,b
Pharmacology Rescue OP phenotype ZF GC induced OP Tigecycline D 54686904 Mmp9 Kim et al., 2019
Minocycline D 54675783
N-linoleoylethanolamine D 71684713 runx2a, sp7, opg, oc, rank, cb2 Carnovali et al., 2016b
Anandamide D 5281969
ZF iron overload Hepcidin D 91864521 runx2a, runx2b, oc Jiang et al., 2019
induced OP
Deferoxamine D 2973 alp, runx2a, runx2b, oc, op, col1/ROS Chen M. et al., 2014
GF MG induced OP Melatonin D 896 calca, rankl lkegame et al., 2019
Omics Target genes/proteins/ ZF GC induced OP Sinomenium acutum Dried stems/rhizomes 77 genes, 15 pathways Liuet al., 2020
pathways
involved in Morinda officinalis Purified-derived 257 genes Fu et al., 2020
pro-/anti-osteogenic compounds
effect Pinctada imbricata Protein N16 19 pathways Linetal., 2019
Dexamethasone D 5743 248 gene commonly regulated Chen et al., 2016
Prednisolone D 5755
Triamcinolone D 31307
Prednisolone D 5755 <6,000 proteins Schmidt et al., 2019
Ecotoxicology Study GC osteotoxic ZF GC induced OP Dexamethasone D 5743 cry2b, fbxo32, kIhI38, baiap2, pxr, Chen et al., 2016, 2017
effects Prednisolone D 5755 mmp2
Triamcinolone D 31307

ZF, zebrafish; MK, medaka; GF, goldfish; GC, glucocorticoid; MG, microgravity; ROS, reactive oxygen species; EAE, ethyl acetate extract; EE, ethanolic extract, CE, crude extract; N/A, not applicable; ID, PubChem
compound ID number.
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Model Species Life stage Bone structure Induction Primary effect Cellular and molecular mechanisms Rescue References
(treatment; duration) (treatment; duration)
Glucocorticoid  |Zebrafish Larvae Whole skeleton PN 25 uM; 5-10 dp Reduced mineralized area N/A ET 15 pg/mL, AL 100 pg/mL, Barrett et al.,
induced OP and bone mass density in RU486 0.1-0.5 pg/mL; 2006
(GIOP) skull bones concomitant
PN 25 uM; 5-10 dp Decreased osteoblast signaling; increased osteoclast |N/A Huo et al., 2018
signaling; altered expression of focal adhesion and
ECM-receptor genes
PN 25 uM; 5-15 dp Disrupted expression of osteoblast, osteoclast, and He et al., 2018
ECM-related genes
PN 25 uM; 6-11 dp Reduced number of macrophages by increased Geurtzen et al.,
apoptosis 2017
DX 10 uM; 3-9 dp Reduced Ca and P content; down-regulated AC 0.1 pg/mL; concomitant Yin et al., 2019
hydroxy-proline; decreased Alp activity; increased
Trap activity; decreased expression of osteoblast and
ECM genes
DX 15 uM; 3-9 dp Reduced osteoblast differentiation RV 25-250 wM; concomitant Luo et al., 2019
DX 20 uM; 3-11 dpf Reduced expression of osteoblast genes; increased  |[RC 6 x 10~6 pg/mL; Luo S. etal,,
oxidative stress levels concomitant 2016; Luo S. V.
etal, 2016
Adult Scales PN 25 wM; 21 dpr mpaired mineralization in Enhanced osteoclast activity and matrix resorption; N/A de Vrieze et al.,
mis-shaped regenerated altered Ca/P molar ratio; time shifted expression of 2014
scales osteoblast and osteoclast genes
PN 50 wM; 15 dpr Loss of bone matrix and Decreased Alp activity; increased Trap activity AL 30 pM; concomitant Pasqualetti
reduced repair of resorption etal, 2015
acunae
PN 80 uM; 14 d Higher resorption lacunae in |Increased Trap activity and increased expression of ~ [N/A Carnovali et al.,
aged scales infsf11 in aged scales; higher increase shown for 2020a
aged-treated scales
Fin PN 50 uM; 6 w mpaired bone formation N/A N/A Geurtzen et al.,
2017
PN 125 uM; 14 d Reduced mineralized tissue |Reduced Ca/P molar ratio; declined bone mechanical |AL 30 wM; 21 dpa Bohns et al.,
density proprieties (reduced elastic modulus and hardness) 2020
PN 50 uM; 4 dpa N/A Altered ECM composition; impaired ion and N/A Schmidt et al.,
macromolecular transport mechanisms 2019
PN 50 uM; 14 dpa Shorter regenerates with mpaired osteoblast proliferation differentiation; Geurtzen et al.,
reduced mineralization of reduced bone-forming activity; reduced number of 2017; Geurtzen
bone matrix osteoclasts and impaired migration; increased and Knopf,
apoptosis in the monocyte/macrophage lineage 2018
Skull PN 50 wM; 14 dpi Delayed bone regeneration |Impaired osteoblast function; reduced number of
macrophages
Medaka Adult Pharyngeal bones  [PN 50 uM; 32 d Defective pharyngeal teeth  |Reduced area of oxterix-DsRed and acp5-EGFP Azetsu et al.,
and bone structures luorescent signals 2019
Fin PN 50 wM; 32 d, injury  |Impaired bone fracture mpaired osteoblast and osteoclast recruitment
at18d healing
rankl-induced Medaka Transgenic Vertebrae HS 2 h 39°C; 9/21 dpf  |Severe bone matrix Formation of ectopic osteoclasts in intervertebral ET 515 pg/mL, To et al., 2012;
OP larvae degradation in the vertebral |regions, migration toward the mineralized vertebral AL 25-75 pg/mL, 9-11 dpf Yu et al., 2016;
(rankl:HSE: CFP) column and other bone bodies/arches and contact with resident osteoblasts Yu and Winkler,
structures 2017
HS 2 h 39°C; 9 dpf Differentiation of ectopic macrophages into PTx 200 uM; 9 dpf Phan et al.,
osteoclasts; reduced macrophage dynamics; 2020
decreased expression of cytokine receptor genes;
increased bone-resorption and osteoblast
differentiation by macrophages
High-glucose  |Zebrafish  [Transgenic adult |Scales Glucose 4%; 28 d Extended bone loss and Higher glycaemia; increased advanced glycation end [N/A Carnovali et al.,
induced OP (kdrl:GFP) resorption lacunae in products; decreased Alp activity; increased Trap 2016a
mis-shaped scales activity
Adult Glucose 4%; 4 w ncreased resorption lacunae |[Decreased Alp activity; increased Trap activity; altered |See Table 2 Carnovali et al.,
expression of bone regulatory genes 2019b
Diabetes Zebrafish | Transgenic Opercular bone MET 0.05 M Reduced operculum growth |Down regulation of bone regulatory genes (sp7, CA 0.001 pg/mL, Carvalho et al.,
induced OP larvae/adult bglap) and insulin pathway genes (insa, insb insra) PC 0.001 pg/mL, CI 0.05 pg/mL; {2017
(ins:nfsb- 3 d after OP induction
mCherry)
Fin mpaired bone formation and
regeneration
High-fat Zebrafish Obese adult Scales Fed ad libitum ncreased resorbed borders |Impaired insulin production in B-cells; abnormal N/A Carnovali et al.,
induced OP 3 times/day; 7 w adiponectin and leptin blood levels; imbalanced fat 2018
metabolism; decreased Alp activity; increased Trap
activity
Iron-overload Zebrafish Larvae Whole skeleton FAC 10-100 pg/mL; Decreased mineralization in  |Impaired bone formation from decreased expression |See Table 2 Chen B. et al.,
induced OP 2-6 dpf vertebrae and skull bones of osteoblast-specific genes; increased osteoclast 2014
differentiation and bone resorption through ROS
production
FAC 500 pg/mL; Severe developmental cartilage defects; AL (unk. conc.); 2-10 dpf Zhang W. et al.,
2-6/10 dpf downregulated expression of osteoblast and 2018
cartilage-specific markers
Adult FAC 500 pg/mL; 15d  |Reduced BMD in vertebrae, [N/A AL (unk. conc.); 10 d after OP
pelvic, and caudal fins induction
ron deficiency |Zebrafish Mutant larvae  |Vertebrae No treatment; 2 dpf Decreased bone calcification |Development of severe hypochromic anemia; DX injection (unk. conc.); 2 dpf Boetal., 2016
induced OP wehtP85c impaired osteoblasts differentiation and mineralization;
decreased expression of genes involved in BMP
signaling pathway
Microgravity Zebrafish  |Larvae Whole skeleton Clinorotation 60 rpm; Reduced ossification in skull |No alterations in cartilage formation; Reduced N/A Aceto et al.,
Induced OP 5-10 dpf osteoblastic differentiation/activity by altered gene 2016
expression in the FOS-JUN transcription factor
complex and the cAMP-responsive Creb1/Crem
pathway
Embryos Skull RVW 18.5 rpm; 10 hpf |Reduced ossification and Impaired growth and ossification of cranial skeletal Edsall and
Juveniles Adults for 12-96 h; raised until |mis-shaped skeletal elements Franz-
4-120 dpf elements Odendaal,
2014
Reduced ossification in Delayed cell migration and/or differentiation Franz-Odendaal
arvae and malformations in and Edsall,
juveniles/adults 2018
Medaka Larvae Juveniles|Cranial SF; 6-9d N/A Enhanced osteoblast signals; increased acp5/mmp9 Chatani et al.,
osteoclast signals; altered expression of bone-related 2016
genes
Medaka Adults Pharyngeal bones  [SF; 56 d Reduced BMD Decreased collagen levels; decreased expression of Chatani et al.,
and vertebrae osteoblast marker genes; increased Trap activity; low 2015
degree of roundness of mitochondria in osteoclasts
Parathyroid Zebrafish  |Larvae Whole skeleton PTH 30 ng/mL; 9d Decreased mineralization in  |N/A N/A Fleming et al.,
hormone skull bones 2005
nduced OP
Botulinum toxin |Zebrafish  |Adult Caudal fin BTx-B; 0.1-0.5U mpaired mineralization in Altered bone ray segment morphology, branching, N/A Recidoro et al.,
nduced OP regenerated bone and joint specification; impaired crystalline mineral 2014
accumulation; altered sonic-hedgehog genes
expression
Restricted Zebrafish  |Adult Vertebrae RM; 35 d Abnormal vertebral column  [Asymmetrical and mis-shaped vertebrae; reduced N/A hajuria and
mobility induced and reduced BMD intervertebral space; reduced bone volume arasik, 2020
osteopenia

GC, glucocorticoid; PN, prednisolone; DX, dexamethasone; AL, alendronate; ET, etidronate; AC, alfacalcidol; RV, revesterol; RC, rocalirol; CA, calcitriol; PC, Paricalcitol; Cl, cinacalcet; RWV, rotating wall vessel; SF
space flight; PTH, parathyroid hormone; BTx-B, type B Botulinum toxin; PTx, Pertussis toxin;, FAC, ferric ammonium citrate; MET, metronidazole; DFO, deferoxamine; DX, dextran iron; Alp, alkaline phosphatase;
Trap, tartrate-resistant acid phosphatase; ROS, reactive oxygen species; BMD, bone mass density; N/A, not applicable; hpf, hours post-fertilization; dpf, days post-fertilization; dpa, days post-amputation; dpr, days
post-removal; dpi, days post-injury; HS, heat-shock; RM, restricted mobility.
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Inflammatory  Age Treatment

models

Tail wounding-induced inflammation

Transection 2-5dpf  Amputation
2-4dpf  Incision

Laser 4dpf  Epidermis
22hpf Yok sac
1-2dpf  Skeletal muscle
23dpf  Tailfin

Chemical-induced inflammation

LPs 1-3dpf  Immersion
3 dpf Yol injeciton
CusOs 2-7dpf  Immersion
Adut Immersion
LT84 3dpf  Ofic vesicle
injection
2dpf  Hindbrain injection
3dpf  Immersion
Enterocoltis 3-8dpf  TNBS immersion
3-6dpf  DSS immersion
3-6dpf  Glafenine
immersion
59dpf  Soybean meal
Adult TNBS intrarectal
injection
Adult Oxazolone

intrarectal injection
Mutation-induced inflammation
haila 1-3 dpf

cdipt 5-6 dpf

Inflammatory responses

Accumulation of macrophages and neutrophils; increased ROS production;
upregulated inflammatory genes

Accumulation of macrophages and neutrophils; increased ROS production;

Accumulation of neutrophils
Accumulation of macrophages.

Myofibril damage

Accumulation of macrophages and neutrophis; ROS signaling; upregulated
inflammatory genes (tnfa)

Increased ROS and NO production; upregulated inflammatory genes (I7b,
tfa, 10, p65, nikbia)

Accumulation of macrophages and neutrophils; upregulated inflammatory
genes (i1b, tnfa, i6)

Hair cell death; infitration of macrophages and neutrophils; oxidative stress

Oxidative damage and apoptosis in the gills; upregulated inflammatory
genes (infa, mmp9, myd8s, i6, i)

Neutrophil recruitment

Macrophage recruitment
Neutrophil accumulation in the fin

Gut dilation; loss of vili and clefts; infitration of neutrophils; increased
number of goblet cels; upregulation of inflammatory genes (i1b, tnfa,
mmp9, ccl20, i)

Mucus accumulation; infitration of neutrophils; reduced proliferation;
upregulation of inflammatory genes (b, tnfa, mmp$, ccl20, i, i23)

Intestinal epithelial cell apoptosis and shedding; ER stress

Infittration of neutrophils, macrophages and lymphoid cells; upregulation of
inflammatory genes (i1b, tnfa, mpx, saa, c3b, ilS)

Epithelial disruption; neutrophil infilration; upregulation of inflammatory
genes (i1b, tnfa, 8, i10)

Epithelial damage; infiltration of granulocytes; goblet cell depletion;
upregulation of inflammatory genes (i1b, tnfa, i110)

Epidermal defects (skin); leukocyte accumulation; enhanced keratinocytes
apoptosis; upregulation of inflammatory genes (mmp9)

Intestinal damage; reduced mucos ecretion; inftration of macrophages and
neutrophils; globlet cell apoptosis; impaired profferation; ER stress;
upregulation of inflammatory genes
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Colorless; SRY-related HMG-box 10 (Kelsh and Eisen, 2000;
Dutton et al., 2001)

Gutwrencher (Kuhiman and Eisen, 2007)
Gutless wonder (Kuhiman and Eisen, 2007)

Lessen (Pietsch et al., 2006; Uyttebroek et al., 2016)

Casanova (Dickmeis et al., 2001; Reichenbach et al., 2008)
RET proto-oncogene (Heanue et al., 2016)

Sonic you (Reichenbach et al., 2008)

Mooth muscle-omitted (Reichenbach et al., 2008)

DNA (eytosine-5)-methyltransferase 1 (Ganz et al., 2019)

Ubiqitin-ike, containing PHD and RING finger dormains 1
(Ganz et al., 2019)

Giial derived neurotrophic factor (Shepherd et al., 2001)
Paired box 3 (Minchin and Hughes, 2008)
Class 8 semaphorin ¢ (Jiang et al., 2015)
Class 3 semaphorin d (Jiang et l., 2015)

IkappaB kinase complex associated protein (Cheng et al.,
2015)

Forkhead box D3 (Stewart et al., 2008)

ADP-ribosylation factor-like 6 interacting protein 1 (Tu et al.,
2012)

GDNF-family receptor-o 1 (Shepherd et al., 2004)
Paired-ike homeobox 2b (Elworthy et al., 2005)

Indian hedgehog (Sribudiani et al., 2018)
Neuregulin 1 (Pu et al., 2017)

Myeloid ecotropic viral integration site 3 (Uribe and Bronner,
2015)

Heart and neural crest derivatives expressed 2 (Reichenbach
etal., 2008)

Chromodomain helicase DNA-binding protein 8 (Bernier
etal., 2014)

DENN Domain Containing 3 (Gui et al., 2017)

Nicalin precursor (Gui et al., 2017)

Nucleoporin 98 (Gui et al., 2017)

Thymus, brain, and testis associated (Gui et al., 2017)
Mitogen-activated protein kinase 10 (Heanue et al., 2016)

Double-strand-break repair protein rad21 (Bonora et al.,
2015)

Endothelin Receptor Type B (Tighman et al., 2019)

Gene

sox10

aw

med24

s0x32
ret
shh
smo
dnmt1

uhrft
ganf
pax3
semadc

sema3d
ikbkap

foxd3
arlbip1

ghrataghalb
Pphox2bb

ihh

nrgl

meis3

hand2

chd8

dennd3

nup98
thata
mapk10
rad2ia

ednrbb

Mutant/morphant

Mutant

Mutant
Mutant

Mutant

Mutant
Mutant
Mutant
Mutant
Mutant

Mutant

Morphant
Morphant
Morphant
Morphant
Morphant

Morphant
Morphant

Morphant

Morphant

Morphant
Morphant
Morphant

Morphant

Morphant

Morphant
Morphant
Morphant
Morphant
Morphant
Morphant

Morphant

Phenotype
Meaor loss of enteric neurons and GFP-+ glia

Reduced numbers of enteric neurons.

Reduced numbers of enteric neurons, especially in
dorsal gut (HSCR)

Reduced numbers of enteric neurons, especially in
dorsal gut (HSCR)

Total lack of enteric neurons
Loss of enteric neurons (HSCR)

Lack EPGs in intestine, including anterior part
Lack EPGs in intestine, including anterior part

Reduced enteric neurons and disruption of intestinal
'smooth muscle

Reduced enteric neurons and disruption of intestinal
'smooth muscle

Meajor loss of enteric neurons (HSCR)
Absence of EPCs

Reduced numbers of enteric neurons (HSCR)
Reduced numbers of enteric neurons (HSCR)
Reduced numbers of enteric neurons (HSCR)

Fewer EPCs reaching gut, lack of EPCs in gut
Reduced numbers of enteric neurons

EPCs are formed but do not colonize the gut
(HSCR)

Half number of enteric neurons - complete absence
in distal part (HSCR)

Reduced numbers of enteric neurons (HSCR)
Reduced numbers of enteric neurons (HSCR)
EPCs only in anterior gut

NGCs are formed, but lack of EPCs in gut
Reduced enteric neurons in hindgut (HSCR)

Enteric neurons absent in distal end colon (HSCR)
Enteric neurons absent in distal end colon (HSCR)
Enteric neurons absent in distal end colon (HSCR)
Enteric neurons absent in distal end colon (HSCR)
Reduced numbers of enteric neurons (HSCR)

Fewer enteric neurons posterior end of the gut
(cIPO)

Reduced numbers of enteric neurons (HSCR)
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Phenotype Human Genetic models

disorder

ModeV/method  NA Tg (actat FOXNS  Kupgainof  Type2 Muliplex ~ Leptin receptor  Pdxi gene  MODY gene  Alchdat gene  Gprotein-  Glyoxalase!  Glucose  Single insra or

GnIGFIREGFP) [Tgffapbi0a:  function  deiodinase  condional  mutation ~ knockout  mutaion  knockout  coupled  (glo1~/=)  transporter 12 insrb knockout

transgenicline or foxn3EGFP) (Krp-GOF) ~ (DIO2)  mutagenesis  modelof  modelof ~ modelof  modelof  receptor27  knockowt  (GLUT12)  modelof

zebrafish muscle 2106 and model of knockout model of  hyperglycemia hyperglycemia_ hyperglycemia hyperglycemia  (Gpr27) model of  deficient model hyperglycenia

insulin resistance To(fapb10a: hyperglycemia  model of  hyperglycemia PDX1 gene knockout  hyperglycermia of

(@MIR) model of FOXN3,EGFP) hyperglycemia knockdown model of hyperglycemia

hyperglycemia  z107) models model hyperglycemia
of of hyperglycemia
hyperglycemia
References  Coxand  Maddison et al., Karanthetal., Emfinger etal., Houbrechts Yinetal,2015 Micheletal, Kimmeletal, Mathewsand Louetal,  Nathetal, Loddetal,  Jiménez-  Yangetal,
Edelman, 2015 2016 2019 etal, 2019 2016 2015, Gustafsson, 2020 2020 2019 Amiburuetal, 2018
2009 Wiggenhauser 2019 2015
etal, 2020

SIMILARITIES TO HUMAN
Hyperghcemic * . v . . . . . . . . . . .
outcome
Impaired GT! . . # # # . / . # # . : # .
HoAtc . # # # # # # # # . # . # #
alternatives
assay
Retinopathy . # # # # . # . # N # . # #
Insuiin . . # # . . . # # # . . . .
resistance
Anti-ciabetic . # # # # # : = . # . # . #
drug
responsiveness
Stable . : . . . : / . # # # . # #
hyperglycemia

w7 a2 2 s s s 2 s a4 e s 5

SUITABILITY AS A MODEL.

Larval or . ¥ . . ¥ . . . . . . . . .
embryonic

stage

Adut stage . . . . . # . . # # # . # #
Induction time* N ‘0 0 0 0 0 0 0 0 0 ) 0 0 0

Tawoo 3 2 5 3 2 3 3 5 3 5 5 5 5
Modetscors (011161 e e s s

16T, Glucose tolerance; D, Day; M, Month.
Positive score = +1.

Negative score = —1.

#: No information available = 0.
*Scoring of induction time: 0-30 days
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Phenotype Human Glucose induced models Diet induced models Chemical induced model Hybrid models

disorder
ModeV/method NA Immersion  Immersionin  Chronic Chvonic  Immersionin  Immersionin  Obesitymodel  High fat diet  Bisphenol F  Bisphenol S Combined high Combined high
altenativelyin  stepwise  immersionin  immersionin  altemating 4 130mM of (HFD)  induced model induced model cholesterol diet cholesterol diet
2and 0% elevating 110mM  4%glucose  and 5% glucose  hyperglycemia ~ containing 1% of of (HCD) and high (HCD) and high
dlucose glucose glucose  solutionmodel  glucose  solution model egg yo\k model hyperglycemia  hyperglycemia  glucose (HG)  glucose (HG)
solution model  concentration — solution model of solution model  of elevated envionment  environment
of model of of hyperglycernia of hyperglycemi hyperglycemta model of model of
hyperglycemia  hyperglycemia ~hyperglycemia hyperglycemia hyperglycemia  hyperglycemia
forlarval for aduit
zebrafish zebrafish
References Coxand  Gleesonetal, Comnaughton Capiottietal,  Camovali  Singhetal,  Jungetal,  Zangetal, Mengetal, Zhaoetal,  Zhaoetal,  Wangetal, Wangetal,
Edelman, 2009 2007 etal, 2016; 2014 etal, 2016 2019 2016 2017 2017 2018a 2018b 2013 2020
Mohammadi
etal, 2020
SIMILARITIES TO HUMAN
Hyperglycemic . . . . . . . 5 . : - . .
outcome
Impaired GT! . # # # # # # . # # # # #
HoAtc & # # . # # # # # # # # #
alteratives
assay
Retinopathy . . # # : . . # # # # # #
Insuiin s # . # # # # g . . / . /
resistance
Anti-diabetic 5 ® # * # # # d # . # . #
drug
responsiveness
Stable & # # (D) # # # (M) # # # # #
hyperglycemia

awoo 7 s s a2 22 s 2 s 0 s o

SUITABILITY AS A MODEL.

Larval or $ / # / / # . # # & # x #
embryonic

stage

Adut stage . . . . . # # . . # . # .
Induction time* . “(1M) *@M/10D) “(14D) “(1M) “60) *(3D) “(7D) /2.5M) *2D) *(28D) *(10d) “(19d)

Total score

Modelscore | - T

16T, Glucose tolerance; D, Day; M, Month.
Positive score = +1.

Negative score = —1.

#: No information available = 0.
*Scoring of induction time: 0-30 days
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Model/method Zebrafish life Induction Pros Cons References
stage time
Tg (actat: dnIGF1R-EGFP) transgenic fine  Adult No time + Insulin resistance « Long period for exhibiting  Madidison et al.,
or zebrafish muscle insulin resistance + Increased p-cell symptoms 2015
(zMIR) model of hyperglycermia * Glucose intolerance * Not elevated FBS without
overfeeding
« Not increased number of
B cells in older group
FOXN3 [Tg(fapb10a:foxn3,EGFP)z106 and  Larva/adiult No time * Stable hyperglycemiain  « Nosignificant drawback  Karanth et al.,
Tg(fapb102:FOXN,EGFP)z107) models of both larval stage 2016
hyperglycemia and adulthood
Kar gain of function (Karp-GOF) model of  Larva/adult No time * Severely hyperglycemic  No significant drawback ~ Emfinger et al.,
hyperglycemia * Increased 2019
gluconeogenesis
« Decrease of glycolytic
genes
 Stable hyperglycemia in
both larval stage
and adulthood
Type 2 deiodinase (DIO2) knockout model  Aduit No time « Insuiin resistance « Nomoglycemiainolder  Houbrechts et al.,
of hyperglycemia  Similar enzymatic group 2019
regulations as human « Not increased number of
panda cells
Multiplex conditional mutagenesis model  Larva/adiult No time « Insulin resistance « Nosignificant drawback  Maddison et al.,
of hyperglycemia * Post- 2015
prandial hyperglycemia
Leptin receptor mutation model of Larva/adult No time * Increased insulin * Not Michel et al., 2016
hyperglycemia « Increased glucagon persistent hyperglycemia
+ Metformin responsiveness
* Pdx1 gene knockout model of Larva/adult No time * Retinopathic symptoms * Not revealing insulin Kimmel et al.,
hyperglycernia * Post-prandial resistance, 2015;
« PDX1 gene knockdown model hyperglycemia decreased p-cells Wiggenhauser
of hyperglycemia « Susceptibility to high fat etal,, 2020
diet
+ Persistent hyperglycermia
MODY gene mutation model of Larva No time * Tolbutamide responsiveness ¢ No investigation for insulin ~ Mathews and
hyperglycemia resistance property Gustafsson, 2019
Aldh3a1 gene knockout model of Larva No time * 4-HNE elevation as * No investigation for insulin  Lou et al., 2020
hyperglycemia HoA1c elevation resistance property
« Retinopathy
G protein-coupled receptor 27 (Gpr27) Lava No time * Post-prandial « Nosignificant drawback  Nath et al,, 2020
knockout model of hyperglycemia hyperglycemia
* Insulin resistance
* Metformin responsiveness
Glyoxalase (glo1~/~) knockout model of  Larva/adiult No time + Increased post-prandial  * Not persistent Lodd et al., 2019
hyperglycemia glucose hyperglycermia
* Insulin resistance * No direct insulin
symptoms resistance assay (just
« Impaired glucose p70-S6 kinase
tolerance activation upregulation)
* Retinopathy
* Persistent susceptbilty to
high fat diet from larval to
adult stage
Glucose transporter 12 (GLUT12) deficient ~ Larva No time « Insuiin resistance * Nosignificant drawback ~ Jiménez-Amilburu
model of hyperglyceria * Metformin responsiveness etal, 2015
Single insra or insrb knockout model of Larva No time * Post-prandial * No significant drawback Yang et al., 2018

hyperglycemia

hyperglycemia
Insulin resistance

.
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Model/method

Immersion alternatively in 2 and 0%
glucose solution model of hyperglycernia

Immersion in stepwise elevating glucose
concentration model of hyperglycemia

Chronic immersion in 110mM glucose
solution model of hyperglycemia

Chronic immersion in 4% glucose solution
model of hyperglycemia

Immersion in altenating 4 and 5% glucose
solution model of hyperglycemia

Immersion in 130mM glucose solution
model of elevated hyperglycemia

Obesity model of hyperglycemia

High fat diet (HFD) containing 1% egg yolk
model of hyperglycemia

Bisphenol F induced model of
hyperglycemia

Bisphenol S induced model of
hyperglycemia

Gombined high cholesterol diet (HCD) and
high glucose (HG) environment model of
hyperglycemia for larval zebrafish

Combined high cholesterol diet (HCD) and
high glucose (HG) environment model of
hyperglycenia for adult zebrafish

Zebrafish life
stage

Adult (1-3 years
old)

Adult (1-3
years/5-11
months)

Adult stage
(8-5cm)

Adult

Larva

Larva

Adult (4-6 months)

Adult

Larva

Adult (9 months)

Larva

Adult

Induction
time

1 month

2 month/10
days

14 days

28 days

5 days

3days

6 weeks

10 weeks

2 days

28 days

10 days

19 days

Pros

* Simple

* Cheap

« Retinopathy

* Simple

* Cheap

« Insulin resistance

« Anti-diabetic
drug responsiveness

* Simple

* Cheap

o Fast'

« Persistent hyperglycemia

« Anti-diabetic drug
responsiveness

* Elevated glycated
proteins

« Impaired insulin response

* Simple

* Cheap

oo e .

oo e

e e e e e

c e e e e oo

.

.

e e e e e e o

.

Retinal vasculopathy

Simple
Cheap

Fast

Conserved retinopathic
symptoms until adulthood

Simple
Cheap

Fast

Retinopathy

Simple

Cheap

Insuiin resistance
Persistent hyperglycemia
Glucose intolerance
Increased -cell mass

Simple
Cheap

Insuiin resistance

Simple

Cheap

Fast

Insuiin resistance

Larval stage

Anti-diabetic

drug responsiveness
Simple

Cheap

Fast

Simple

Cheap

Fast

Low mortality

Increased insulin
Increased glucagon
Increased total cholesterol

Simple
Cheap

Cons

Needs continues
alteration of solution

No investigation for insulin
resistance property

No significant drawback

20% mortality
No investigation for insulin
resistance property

Not stitable for female
zebrafish

« No investigation for insulin
resistance property

High mortality

No investigation for insulin
resistance property

No investigation for insulin
resistance property

Long time of induction

« Long time of induction

No significant changes to
glucagon
mRNA expressions

Not elevated insulin levels

No significant drawback

Not revealing insulin
resistance symptoms

References

Gleeson et al.,
2007

Gonnaughton

etal, 2016

Capiotti et al.,
2014

Carnovali et al.,
2016

Singh et al., 2019

Jung et al., 2016

Zang etal., 2017

Meng et al., 2017

Zhao etal., 2018a

Zhao et al., 2018b

Wang et al,, 2013

Wang et al., 2020

*We considered an induction time of up to two weeks as fast induction.
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Pathway Impact
Pathway Name Match p-value
1 Taurine and hypotaurine 1/7  0.009066
metabolism
2 Glutathione metabolism 1/28 0.010764
3 Pyrimidine metabolism 6/41 0.027743
4 Valine, leucine and isoleucine  1/40  0.029007
degradation
5 Arginine and proline metabolism 6/38 0.037012
6 Purine metabolism 14/66 0.046281
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Feature p-value Ricorrelation coefficient)

Dependence Variance 0020 -0.882
(GLDM)

RunLengthNonUniformityNormalized 0.041 -0.830
(GLRLM)

ShortRunEmphasis 0042 -0.827
(GLRLM)

SRE, short run emphasis; DV, dilference variance; RLNUN, normalized non-uniformity
(run-length matrix). The correlation coefficient R indicates the relationship of the
continuous radiomic features generated from the images at each time point and the binary
RAS- vs. RAS+ variable.
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phenotype
Peripheral nerve-sheath tumor TALENs tp53%e!/del CG1 syngeneic Multiple Ignatius et al., 2018
(PNST), angiosarcoma, germ cell
tumors, leukemia
PNST, rhabdomyosarcoma, Heat-shock induced B-actin:LoxP-EGFP-LoxP- WT Le etal., 2007
myeloproliferative disorder, Cre-Lox KRASG12D;
intestinal hyperplasia hsp70:Cre
Epithelioid sarcoma, CRISPR-CAS9 atrx +/9el tp537e!/del | nfydel/del Multiple Oppel et al., 2019
angiosarcoma, undifferentiated
pleomorphic sarcoma
Melanoma Tol2 transgenesis mitfa:BRAFY800E tp53V1214K Melanocytes Patton et al., 2005
Tol2 transgenesis mitfa:EGFP-NRASA81K tp53M214K Dovey et al., 2009
I-Scel mitfa:HRASC 12V mitfa:eGFP WT Michailidou et al., 2009
meganuclease
I-Scel mitfa:HRASG 12V, WT Michailidou et al., 2009
meganuclease mitfa:mCherry
Inducible LexPR mitfa:LexPR-Cerulean x WT Kenyon et al., 2018
CrysB:eCFP-LexOP:mCherry-
NRa 8061 K
Gal4-UAS kita:GalTA4; UAS:mCherry; WT Santoriello et al., 2010
UAS:6GFP-HRASCG12Y
Inducible LexPR kita:LexPR-Cerulean x WT Kenyon et al., 2018
CrysB:eCFP-LexOP:mCherry-
NRa SQ61 K
Non-melanoma skin cancer Tol2 transgenesis krt4:c-mycT 58A: WT Epidermal cells Chenetal., 2014
cdc6:mCherry
Hepatocellular carcinoma Tol2 transgenesis fabp10a:RPIA; myl7:GFP Hepatocytes Chou et al., 2019
Tol2 transgenesis fabp10:rtTA2sM?2; Chew et al., 2014
TRE2:eGFP-krasG12V
Tol2 transgenesis fabp10:6GFP-kras" 12 Nguyen et al., 2011
Inducible Tet-On fabp10:TA; TRE:Myc; krt4:GFP Lietal, 2012
Inducible Tet-On fabp10:TA; TRE:xmrk; Lietal, 2012
krt4:.GFP
Inducible LexPR fabp10:LexPR; LexA:eGFP x; Nguyen et al., 2012
cryB:mCherry;
LexA:eGFP-kras 12
Familial adenomatous Gal4/UAS pint-Gal4;5x WT Intestinal epithelial Enyaet al.,, 2018
polyposis/hereditary UAS:eGFP-P2A-kras® 12D cells
non-polyposis colon cancer
Inducible LexPR pDs-ifabp:LexPR- WT Luetal, 2018
Lexop:eGFP-kras” 12
Glioblastoma Inducible Tet-On gfap:rtTA; WT Glial cells Juetal, 2015
TRE:mCherry-KRASCE 12
Inducible Tet-On krt5:rtTA; WT Skin epithelial Juetal, 2015
TRE:mCherry-KRASG 12 cells/Glial cells
Peripheral nerve-sheath tumor Tol2 transgenesis Tg(-8.5nl<x2.26i:GFP)"ﬁ’2 WT Peripheral nerves Astone et al., 2015
(PNST)
Rhabdomyosarcoma Tol2 transgenesis ragQ:KRASmZD; rag2:dsRed2 WT Myoblasts Langenau et al., 2007
Costello syndrome Inducible hsp70:GFP-HRASY 12 WT Constitutive Santoriello et al., 2009
heat-shock
Thyroid cancer Tol2 transgenesis tg:BRAFYB00E_pA: WT Thyrocytes Anelii et al., 2017
tg:TdTomato-pA
Neuroblastoma Tol2 transgenesis dph:eGFP-MYCN WT Neuroblasts Zhu et al., 2012
dph:eGFP; dBh:MYCN WT Tao et al., 2017
dph:c-MYC; dph:mCherry WT Zimmerman et al., 2018
Pancreatic ductal BAC ptfla:eGFP-KRASG12Y wWT Pancreatic Park et al., 2008
adenocarcinoma recombineering progenitor cells
Gal4/UAS ptfla:Gal4; WT Schiavone et al., 2014
UAS:eGFP-KRASC 12D
Gal4/UAS and ptfla: CREFAT?; | SL-GAL4; wWT Park and Leach, 2018
Cre/Lox UAS-KRASG 12V
Pituitary adenomas Tol2 transgenesis Pomc:Pttg; POMC:eGFP WT Corticotrophs Liuetal., 2011
Testicular neoplasias ENU forward screen brca2Q658X N/A Spermatogonia Shive et al., 2010
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Genotype

rag1 126683

rag2E450fs
rag2E450fs
jak3 P369fs

prkdc D3612fs
ii2rga Yo%

ii2grb 180%
zap70 Y 442fs
prkdc®108/103

I'/ngafm 04/fb104

c-myb (125127)

Description

No T cells, no B
cells
No T cells, low B
cells
No T cells, low B
cells
No T cells, no NK
cells
No T or B cells
No T cells or NK
cells
Not characterized
No T cells
No T, B, or NK cells

No myeloid,
erythroid, or
lymphoid cells

Background of fish

AB

AB

Casper

Casper

Casper
Casper

Casper
Casper
Casper

ZFIN ID References
ZDB-FISH-150901-17632 Wienholds et al., 2002;
Tokunaga et al., 2017
o101 Tang et al., 2014
fb101 Tang et al., 2016
fb102 Moore et al., 2016
fb103 Moore et al., 2016
104 Tang et al., 2017
Pending Pending
y442 Moore et al., 2016
Pending Yan et al., 2019

Soza-Ried et al., 2010

Access

Nusslein-Volhard Lab

Langenau lab

Langenau lab

Langenau lab

Langenau lab
Langenau lab

Langenau lab

Langenau lab
Langenau lab

Boehm lab
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Antigen Type Reactive species Host species Isotype References

CD4-1 Monoclonal Zebrafish, Gibuna crucian carp Rat 1gG2a Miyazawa et al., 2018
CD8a Monoclonal Zebrafish, Gibuna crucian carp Rat 1gG2a Miyazawa et al., 2018
CD4-1 Polyclonal Zebrafish Rabbit [[e]€] Yoon et al., 2015
TCR-a Polyclonal Zebrafish Rabbit/mouse [el€] Wan et al., 2017
TCR-g Polyclonal Zebrafish Rabbit/mouse [[e]€] Wan et al., 2017
TCR-y Polyclonal Zebrafish Rabbit/mouse [[e]€] Wan et al., 2017
TCR-3 Polyclonal Zebrafish Rabbit/mouse I9G Wan et al., 2017
CD154 Polyclonal Zebrafish Rabbit/mouse I9G Gong et al., 2009
CD40 Polyclonal Zebrafish Rabbit/mouse IgG Gong et al., 2009
IgM Polyclonal Zebrafish Rabbit/mouse I9G Gong et al., 2009
CD80/86 Polyclonal Zebrafish Rabbit/mouse I9G Zhu et al., 2014
cD83 Polyclonal Zebrafish Rabbit/mouse I9G Zhu et al., 2014
CD4 Polyclonal Zebrafish Rabbit [[e]€] Zhu et al., 2014

Lept Polyclonal Zebrafish Rabbit [[e]€] Redd et al., 2006
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Promoter Fluorophores Possible cell type labeled References

Ick eGFP; dsRed Lymphoid progenitors (T/B cells, NK cells, dendritic Langenau et al., 2004; Lugo-Villarino
cells) et al., 2010; Borga et al., 2019;

Carmona et al., 2017

ikaros eGFP Lymphoid progenitors Bajoghli et al., 2009

rag2 mCherry Lymphoid progenitors (T/B cells) Langenau et al., 2003

rag1 eGFP Lymphoid progenitors (T/B cells) Jessen et al., 1999

cd4 mCherry CD4 + T cells and macrophages Dee et al.,, 2016

foxp3a eGFP, RFP T regulatory cells Hui et al., 2017

mhc2dab eGFP B-cells/myeloid cells Wittamer et al., 2011

ca45 dsRed T-cells/myeloid cells Wittamer et al., 2011

IgM eGFP Mature IgM + B cells/plasma cells Page et al., 2013

cd79a eGFP Persistent B cell marker beginning at pro-B cells Liu et al., 2017

cd79b eGFP Marker for B cells beginning at pro-B but less Liu et al., 2017

effective for mature B cells
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© Thymus (
Fetal liver—{-~ > Bone marrow
)

- o AGM Colonization in the
Beglnnmignc;,fot:s |:aa;op0|e5|s ) bone marrow Mature CD4+ CD8+
HSCs develop in AGM and thymus detected in thymus
Human Adulthood
17 dpf 23 dpf 27 dpf 10.5 wpf 15 wpf 40 wpf
BIRTH
Innate Immunity Innate and Adaptive Immunity
ALPM IcM AGM CHT Early thymus Kidney
a N
Start of definiti Emergence of first
Development of myeloid cells in ALPM ha 9 i efnitive Expression of Ick, rag1, rag2 ~ CD4+ CD8+ lymphocytes
and erythoid cells in the ICM ematopoesis in developing kidney and thymus from the thymus
Zebrafish matc Adulthood
12 hpf 30 hpf 72 hpf 3 wpf 4 wpf
HATCH Full function of adaptive immune system

Innate Immunit
y Innate and Adaptive Immunity





OPS/images/fcell-09-660969/cross.jpg
3,

i





OPS/images/fcell-09-678190/fcell-09-678190-g006.jpg
ko00010: Glycolysis / Gluconeogenesis ko00620: Pyruvate metabolism
ko00051: Fructose and mannose metabolism  ko00640: Propanoate metabolism
ko00330: Arginine and proline metabolism ko00650: Butanoate metabolism
ko00540: Lipopolysaccharide biosynthesis ko02060: Phosphotransferase system
ko00550: Peptidoglycan biosynthesis
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A B Microbial metabolic pathway analysis between Caffeine and Melatonin group on Day 14

Valine, leucine and isoleucine biosynthesis
Control y

[ EH Caffeine @  Twocomponent system

0.020- - ‘h - Melatonin [ ) Synthesis and degradation of ketone bodies

& [ ] Sulfur relay system
E3 Probiotic )
@ Pyruvate metabolism

- ® Propanoate metabolism
‘& ¥ i [ ] Porphyrin and chlorophyll metabolism
. Phosphotransferase system (PTS)
@ Peptidoglycan biosynthesis
[ ] Nitrotoluene degradation
@ Lipopolysaccharide biosynthesis

0.015- L

» ° Glyoxylate and dicarboxylate metabolism
[ ) Glycolysis / Gluconeogenesis
- * ° Glycine, serine and threonine metabolism
*. . { J Geraniol degradation
* =™ . . ® Fructose and mannose metabolism
. L @] Fluorobenzoate degradation
® Flagellar assembly

0.010-

Metabolic pathway relative abundance

] ° D-Glutamine and D-glutamat
@ D-Alanine metabolism
- [ ] Citrate cycle (TCA cycle)
- L ] Cell cycle - Caulobacter
0.005-
o Carbon fixation in photosynthetic organisms

. . . . . . . . . v ’ " g ] Butanoate metabolism
A B c D E F G H 1 J K L M

. ° Drug metabolism - other enzymes

Bisphenol degradation
A ko00010: Glycolysis / Gluconeogenesis H ko00630: GI and di i ° Biotin metabolism

B ko00020: Citrate cycle (TCA cycle) | ko00640: Propanoate metabolism ® . laof o group:nonril peptides
L Biosynthesis of amino acids

C ko00051: Fructose and mannose metabolism  J ko00650: Butanoate metabolism ) )
[ ] Bacterial secretion system

D ko00330: Arginine and proline metabolism K ko00730: Thiamine metabolism . Bacterial chemotaxis
E ko00540: Lipopolysaccharide biosynthesis L ko00780: Biotin metabolism ® Arginine and proline metabolism
F ko00550: Peptidoglycan biosynthesis M ko02060: Phosphotransferase system (PTS) -4 0 4 8
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Morphometric
measurement
(5 dpf)

Fn

Average EA (mm?) 43.98 (9, 617)

L (mm)

Tel (mm)

O (mm)

1haverage
distance (mm)

15 min average
distance (mm)

69.98 (9, 617)

35.71(9,617)

39.84 (9, 615)

186.5 (8, 666)

184.3 (8, 666)

Complete model*

p-value

p<22x101
p<22x1071®
p<22x1071®
p<22x1071

p<22x1071®

p<22x1071

0382

0.498

0333

0359

0683

0685

VAST at 3 dpf
Beta p-value Beta p-value
~0.00553  4.85x107* 00006 0477
Yes =228, No = 399 Yes = 566, No = 61
~0.06075 00525 00316 0068
Yes =228, No = 399 Yes = 566, No = 61
-001152 0013  -0.005386 0037
Yes =228, No = 399 Yes
~001583  7.77 x 1074 0866
Yes =226, No = 399 Yes = 564, No = 61
9916 0.046 - -
Yes =219, No = 456 -
1712 0017 - -
Yes =219, No = 456 -

PTZ

Beta p-value
~00020 877 x 10%

10 mM = 337, 0 mM = 290
00023 389 x 10~°

10 mM =337, 0 mM = 290
—00080 553 x 10~%

10 mM = 337, 0 mM = 200
~00071  228x10%

10 mM = 335, 0 mM = 290
1196 <2x 10718

10 mM =377, 0mM = 298
122.7 <2x 10718

10 mM =377, 0 mM = 298

*The “complete model” also included “Experiment” as a variable to reduce inter-batch effects (see section “Materials and Methods). Values in bold represent p < 0.05.
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SNP Reference allele Reference allele frequency S-HSCR vs. control L-HSCR vs. control S-HSCR vs. control

Control S-HSCR L-HSCR TCA P-value OR (95% Cl) P-value OR (95% CI) P-value OR (95% Cl)
rs430255 G 0.821 0.864 0.853 0.859 0.0088 1.38 (1.08-1.76) 0.37 1.27 (0.75-2.14) 0.39 1.33(0.70-2.52)
rs2837756 G 0.389 0.454 0.388 0.385 0.0021 1.31 (1.10-1.55) 0.99 1.00 (0.68-1.46) 0.94 0.98 (0.62-1.56)
rs2837770 G 0.560 0.579 0.543 0.590 0.36 1.08 (0.91-1.28) 0.73 0.94 (0.65-1.36) 0.59 1.13(0.72-1.79)
rs8134673 G 0.567 0.687 0.535 0.603 0.35 1.09 (0.91-1.29) 0.49 0.88 (0.61-1.27) 0.53 1.16 (0.73-1.83)

All the 420 patients consisted of 323 S-HSCR, 58 L-HSCR, and 39 TCA patients. The results of two reported DSCAM SNPs and two most associated DSCAM SNPs are shown. SNR, single-nucleotide polymorphism;
RAF, risk allele frequency; OR, odds ratio; HSCR, Hirschsprung disease; TCA, total colonic aganglionosis.
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SNP Position Gene Functional annotation Reference allele RAF P-value OR (95% CI)

Case Control
rs430255 41,496,605 DSCAM Intronic G 0.862 0.821 0.0052 1.36 (1.10-1.68)
rs2837756 41,995,874 DSCAM Intronic G 0.438 0.389 0.0091 1.23 (1.05-1.43)
rs2837770 42,034,352 DSCAM Intronic G 0.575 0.560 0.42 1.07 (0.91-1.24)
rs8134673 42,048,311 DSCAM Intronic G 0.581 0.567 0.45 1.06 (0.91-1.24)

The listed SNPs include two reported DSCAM SNPs and two most associated DSCAM SNPs. SNR, single-nucleotide polymorphism; RAF, risk allele frequency; OR, odds
ratio; HSCR, Hirschsprung disease.





OPS/images/fcell-09-641152/fcell-09-641152-g005.jpg
5
7

Networks

[ Physical Interactions
Co-expression
Predicted

Shared protein domains
Pathway

Co-localization

Genetic Interactions

Functions

neural crest cell development
neural crest cell differentiation
neural crest cell migration
regulation of tube size
mesenchymal cell differentiation

regulation of blood vessel size





OPS/images/fcell-08-579943/fcell-08-579943-g002.jpg
A

Injured Uninjured

Injured Uninjured

;mpeg1:mCherry)

24hpi

Tg(

6hpi

;mpeg1:mCherry)
24hpi

Hours post injury

(9]

Immune cells on ventricle

Hours post injury

24 48

—e— Neutrophils uninjured
Neutrophils injured
-# Macrophages uninjured

-# Macrophages injured

10—
Fedkekk Fedekk
8-
6= Fekdek
4= W kdexx
2 *% "l\ \**.*.*——/‘i
U ¢ 1 T
2 6 24 48

Hours post injury

I 1 1
26 24 48
-o— Neutrophils uninjured
Neutrophils injured
. -= Macrophages uninjured
48hpi

Immune cells at tail fin

- Macrophages injured

*kkk

25- *kdk
*kdk
20_ - *dkk
15 xxpx
;r]‘ Fededek
104 = Fekdek
M | S
0= T T
2 6 24 48

Hours post injury





OPS/images/fcell-09-672424/cross.jpg
3,

i





OPS/images/fcell-08-579943/fcell-08-579943-g003.jpg
Photoconvert Laser Image Image
| | | 1
-1 0 2 6
Hours post injury
B Head
3 Pericardium
A Tg(mpx:gal4;UAS:kaede) B
3 Trunk
H
£ 100 =L
2 o fa
£
°
c
Q5 50+
8 E
Tt E
=
o
[
605 303 ‘Os i - - - -
" " 2hpi 6hpi 2hpi 6hpi
Head Pericardium Trunk -
Fully converted Semi-converted Unconverted Neutrophlls Macrophages
Laser Photoconvert Image
] | | |
0 6 L. 24
Hours post injury
(o] . . . D .
Tg(mpx.gal4,US.kaee) Neutrophils
| [ [ ]
10
Macrophages
0
Cells/zone
E = = F o *%
Tg(mPX- GFP, ) g =+ Uninjured DMSO
< 21 - Uninjured SB225002
DMS E -o- Injured DMSO
3 ° Injured SB225002
i
Qo
— o I
Q. "3 Y
= 3 |¥1
Z 0717 T T
©o 26 24 48
G o Hours post injury
© 10~
£ *kkk
g *dkedek
S -
"— ("]
Q. S 4
< g° z .
N g 21 5 —
N G
L} c T T T T
= 2 6 24 48

Hours post injury





OPS/images/fcell-09-674749/fcell-09-674749-g006.jpg
Pred

*%
|

5-ASA

*kk*k

HCD

*%

S

< (o9 N - -

(1IN) xepu|
uonewuwe|ju| oljiydoiinaN

(14)
SPE






OPS/images/fcell-08-579943/fcell-08-579943-g004.jpg
A

B

d

injure

Un

Injured

d

injure

Un

Injured

Normalised CHT

Normalised CHT O

Normalised CHT

Normalised CHT O

-# Uninjured
1.2 -~ Injured
]
= *
Q 1.04
g *
3
c 0.84
0.6 1T T T
02 6 24 48 E
Hours post-inju 2
P jury 3 159 *
-& Uninjured o
» 1.21 -o- Injured % g' -# Uninjured neutrophil
‘!.’, E 104 -+ Injured neutrophil
E 1.0¢ * 2 -o- Uninjured macrophage
2 © -+ Injured macrophage
= [
g 0.8 o 97
.09 1Y
= 3
£
0.6+ T r E 0-
02 6 24 48 2 6 24 48
Hours post-injury Hours post injury
-& Uninjured
1.2+ -e- Injured
L
=
Q 1.04
g
3
c 0.84
0.6 1T T T
02 6 24 48
- F
Hours post-injury
7]
21 - 3 57
12 - Uninjured 3 *
@ - -&- Injured 2 4 -= Uninjured neutrophil
D 104 "g =¥ Uninjured macrophage
c = . g
.g_ ] 34 -e- Injured neutrophil
° ‘0 —#+ Injured macrophage
o w— 2+
8 0.8 o
£ % 14
21
E vy
0.6+ T1—T T T 2 07T T
02 6 24 48 2 6 24 438

Hours post-injury Hours post injury





OPS/images/fcell-08-579943/fcell-08-579943-g005.jpg
Uninjured @

Tg( ;fli1:GFP) + dextran

Uninjured ©

T T
[] (]
- -
2] 2]
[}] [}]
(7] (7]
c c
o o
- | o
3 3
e o
[}] [}]
(7] (7]
- ©
-l -l
D — 1N
O =
&
120 O Uninjured n_S.
100 e Tail-transected ©  Uninjured
o Tail-transected
. M- sk
8§ eo0 Qi %
S 4 2 & S o
B 25 o
2 20- Kk 5 207 e .
= ns = ° -] — )
15— galk g 3
10- feded £ o ns °
TRCERERER
o . ° ‘
fo) 8 O 8.
v T 1 T T ad T T L] L]
DLAV PCL DA CV DLAV PCL DA cv
Neutrophils Macrophages
e
E ns G
1:3: o Uninjured 3 123: o Uninjured *kk . N
140] @ Heartlasered g H 140- © Heartlasered . ] ©  Uninjured o Uninjured
120+ 120+ 5 . N
100+ 8, 100 * *****—* e Lall-rttralnsectzd v 10 ns e Tail-transected
A i = n 2
g %0 % g o i € = T"?S asered 2 o84 o m  Heart-lasered
g wins g g% E - E7| o 4w _Ds
T 30 . ] 30 NS ns £ 8 % NS O 0.6+ ki -
7] o ° = = e £ Q . ?
£ 3 c . = % s 5 % ;]
= 24g° NS = 20 ° % u 2 0.4 ° b4
1 ot 1IN 38 " g€d
1049 t s wl8s 8. ns o ‘= 3 0.2
) $ - . s - =
0 T T sll T 0 T T CI‘ T 0 T T 0.0 T T
DLAV PCL DA- cv DLAV PCL DA CV \\,, & & &
Neutrophils Macrophages & N & <&
S &K S &
éz é‘bo ™ @’DO





OPS/images/fcell-08-586651/fcell-08-586651-g008.jpg





OPS/images/fcell-08-586651/fcell-08-586651-g009.jpg





OPS/images/fcell-08-579943/cross.jpg
3,

i





OPS/images/fcell-08-579943/fcell-08-579943-g001.jpg
H
o

ns %*kkk

[
o
1

Ventricular
Ejection Fraction (%) o
2 B
[ ]
[ 1 [ ]
[ ]
-i
[ |
>
>
»>
»
> >

Pre-injury Uninjured Injured

E

ﬁ

Q

Ty

0

N

=

5

[
. Uninjured Injured

’ & 24 hpi!
o e w=-_
'-L 4 \ / ~
o vV \ by .
X \ \ ! |
< I
S [ I 1 I
~ \ ) A 1
\\ / \s__/‘






OPS/images/fcell-09-641152/fcell-09-641152-g003.jpg
>
X
w

3 8- 3 200+ 200
‘ —1

150 ® 150 S

100 @ 100 - ©

Number
Number

50— 50—

Relative expression
Relative expression
Relative expression

T | v | | '
Uninjected DSCAM-mRNA Uninjected bace2-mRNA

DSCAM mRNA bace2 mRNA






OPS/images/fcell-09-641152/fcell-09-641152-g002.jpg
dscama

24h 48h 72h 96h 120h
Time

dscama

3.0
2.5

8,2.04

S

£ 1.5

(3)

T -
5 1.0

dscamb

24h 48h 72h 96h 120h
Time

dscamb

3.0 bace2
2.5
82.0
s
< 1.5
(&)
° ol
= 1.0

e
0.5+

24h 48h 72h 96h 120h
Time

bace2

Hl 24h
48h
= 72h
3 96h
B3 120h






OPS/images/fcell-09-641152/fcell-09-641152-g001.jpg
5Z368Ts!
N\
" £V5ET88.S!

€29v€1881

| 022.¢£8¢S)

| 952268281

66909¢S1

8cL1aps)

90..€8Cs!

\ ' o0sazeszs!
' 0682229581
" §10LTTELS!

, $2109/8!

- 0ZpBBBILSI

14

o
-






OPS/images/fcell-09-641152/cross.jpg
3,

i





OPS/images/fcell-09-662583/fcell-09-662583-t003.jpg
Drug

Avristolochic acid (AA)
Benzo(a)pyrene (Bap)

Doxorubicin

Isoproterenal (ISO)

Phenyl hydrazine hydrochloride (PHZ)
Phenylephrine (PE)

Streptozocin

Terfenadine

Tolterodine

Verapamil

Embryo/Adult

Embryo
Both
Embryo
Both
Adult
Adult
Adult
Embryo
Embryo
Embryo

Main Phenotype

Cardiac dysfunction
Hypertrophy

Cardiac dysfunction

Cardiac dysfunction
Hypertrophy and hyperplasia
Hypertrophy and hyperplasia
Diabetic cardiomyopathy
Cardiac dysfunction, AV-block
Arrhythmia

Cardiac dysfunction

References

Huang et al., 2007, 2013
Huang et al., 2014

Liu et al., 2014

Kossack et al., 2017
Ernens et al., 2018
Romano and Ceci, 2020
Wang et al., 2020
Guetal, 2017

Burczyk et al., 2019
Zhuetal., 2018






OPS/images/fcell-09-662583/fcell-09-662583-t002.jpg
Gene

bag3

band3
cmict
dcos226
erbb2

gtobp3
heg1
hhatla
ilk
Jjag2b

lamp2
Imed1, tns1
Irrc10

Iztr1

mecu

mybpc3
myh6
ndufa7
pkd2
ptpn1i
rbfox1
sept7b
tnnt2

trimb5

ttn

velb

vegfaa
vezf1
z-usmgb
kif20a
Plakoglobin
nnt

Embryo/Adult

Both

Adult
Adult
Embryo
Both

Both
Embryo
Embryo
Embryo
Both

Adult
Embryo
Embryo
Adult
Both

Embryo
Adult

Embryo
Embryo
Embryo
Embryo
Embryo
Embryo

Embryo

Embryo

Adult

Adult

Embryo

Embryo

Embryo

Until 3 months of age
Embryo

Knock-out (KO)/Morpholino/Other

Morpholino and KO

KO
KO
KO
KO

KO

KO

Morpholino

KO

Genetic ablation

KO
Morpholino
Morpholino
KO
KO

Morpholino

KO

Morpholino
Morpholino

mRNA injections
Morpholino
Morpholino

KO and morpholino

KO

KO

KO
Overexpression
Morpholino
Morpholino
Morpholino
2057del2 mutant
Morpholino

Main Phenotype

Cardiac dysfunction

hypertrophy and hyperplasia
Arrhythmia

Conduction defect

Hypertrophy, cardiac dysfunction

Hypertrophy

Cardiac dysfunction
Hypertrophy, cardiac dysfunction
Cardiac dysfunction
Hypertrophy

Hypertrophy, cardiac dysfunction
Valvular heart defect
Hypertrophy

Hypertrophy

Cardiac dysfunction, arrhythmia

Hypertrophy

Hyperplasia

Hypertrophy, cardiac dysfunction
Cardiac dysfunction, AV-block
left-right asymmetry

Cardiac dysfunction

Cardiac dysfunction

Cardiac dysfunction

Cardiac dysfunction

Cardiac dysfunction
Hyperplasia

Hyperplasia

Attenuation of cardiac growth
Cardiac dysfunction
Restrictive cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy
Left ventricular non-compaction cardiomyopathy

References

Norton et al., 2011;
Ding et al., 2019

Sun et al., 2009
Orr etal.,, 2016
Chiet al., 2010

Reischauer et al., 2014;
Fleming et al., 2018

Chen et al., 2019
Lu et al., 2020

Shi et al., 2020b
Bendig et al., 2006

Abdul-Wajid et al.,
2018

Dvornikov et al., 2019
Dina et al., 2015
Kim et al., 2007
Nakagama et al., 2020

Langenbacher et al.,
2020

Chenetal.,, 2013
Sarantis et al., 2019
Shi et al., 2020a
Paavola et al., 2013
Bonetti et al., 2014
Gao et al., 2016
Dash et al., 2017

Sehnert et al., 2002;
Becker et al., 2011

Heliste et al., 2020

Xu et al., 2002

Cheng et al., 2016
Karra et al., 2018
Paavola et al., 2020
Nagata et al., 2017
Louw et al., 2018
Asimaki et al., 2014
Bainbridge et al., 2015





OPS/images/fcell-08-594290/fcell-08-594290-g008.jpg
Wild type HS

TaC:eGFP

Siah1 HS

CDHRTa mRNA

Siah1 HS

Siah1 HS

.*\‘
‘1

CDHR1a™

MRNA

]

Number of TaC:GFP+ cells

40
301 =
20f +
10-
0-
é‘\b&o

ns






OPS/images/fcell-09-662583/fcell-09-662583-t001.jpg
Advantages (general)

e Ease, speed, and affordability
of maintenance and breeding

e Small size and optical
transparency

o Rapid development

e High-throughput drug
screening

e Ease and availability of
genetic manipulation

Advantages (cardiac)

Disadvantages (general)

e Duplicated genome

o Relative unavailability of
antibodies

Disadvantages (cardiac)

¢ Rapid development:
heartbeat begins already at

24 h post-fertilization

e Blood circulation not needed
for development in the first
week of life, possible to study
severe cardiovascular
phenotypes

e Conserved fundamentals of
excitation-contraction coupling

o Electrophysiology: similar
heart rate and action potential
duration and morphology

e Cardiac regeneration
following injury

e Two-chambered heart lacking
pulmonary circulation

e Hemodynamics: low central
venous pressure, ventricular filling
relies mainly on atrial contraction

o Electrophysiology: differences in
inward currents, sodium current is
lower and calcium current higher

o Electrophysiology: lack of
transient outward potassium
current and slow component of the
delayed rectifier current

e Minor role of SR calcium stores
for muscle contraction and
triggered arrhythmias, negative FFR
e Lack of sarcolemmal T-tubules in
cardiomyocytes

e Scarcity of chronic cardiac
fibrosis and cardiac fat

e Tiny size of the embryonic heart
complicates handling and
experimentation with staining,
gPCR etc.

e Small size and trabeculation of
the adult heart muscle complicates
imaging and quantification of
cardiac function with
echocardiography
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